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2 CHAPTER 1
1.1 General introduction
Since World War II, pesticides have been used successfully to suppress harmful
pest organisms. However, the use of those chemicals has some major drawbacks.
Large-scale application of broad-spectrum pesticides led to the development of
resistance among pest insects, thereby drastically decreasing their efficiency (Mal-
let, 1989; Georghiou, 1990). Moreover, their use can eliminate natural enemies
and other beneficial organisms, giving rise to secondary pest outbreaks as well as
resurgence of the pest insects a farmer originally intended to control. In addition
to the aforementioned agricultural issues, there is a growing public awareness of
the risk that pesticides pose to human health and environment (Culliney et al.,
1992; Pimentel et al., 1992). Several studies suggested health effects on both pes-
ticide applicators and consumers. In addition, the unbridled pesticide use contam-
inated the soil and groundwater, and caused a significant reduction in biodiversity
(Danielopol et al., 2003; Gibbs et al., 2009).
The concerns regarding chemical pest control led to the development of inte-
grated pest managment (IPM), which aims to suppress pest populations below the
economic injury level, while minimizing adverse effects on non-target organims,
the surrounding environment and the consumer. Biological control, one of the key
strategies of IPM, encompasses the use of natural enemies of the target organism to
reduce pest densities (Van Driesche and Bellows, 1996). In 2010, no less than 230
species of invertebrate natural enemies were used in pest managment worldwide,
of which more than 95% belongs to the Arthropoda (van Lenteren, 2012). Within
the arthropods, four taxonomic groups provided most natural enemies: first of
all the Hymenoptera, next the Acari followed by the Coleoptera and Heteroptera.
The heteropteran natural enemies are mainly represented by the Anthocoridae and
Miridae families. Several of their members, used in biological control, are preda-
tors that maintain a close relationship with their host plants. Not only do they use
the plant for egg-laying but they also display a feeding habit called zoophytophagy
or omnivory. This implies that they can, in addition to prey feeding, also exploit
plant resources.
The complex relationship between zoophytophagous predators and plants has
important implications for their production and use as biological control agents.
The ability to feed on plants allows zoophytophagous predators to remain on the
target crop even in the absence or shortage of prey. As a result, zoophytopagous
bugs can colonize crops before prey arrival and a single seasonal release is often
sufficient to maintain pest levels below economic treshold (Coll and Guershon,
2002). Moreover, plant feeding can function to balance the diet thereby improving
life-history traits and stabilizing populations (Coll, 1998).
In contrast, the phytophagous habit of such predators also implies a certain risk
to the crop plants. Some species, among which several mirid predators, are known
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on account of the damage they can inflict on crops, especially when prey density
is low (Castan˜e´ et al., 2011). Moreover, the dependence on plant materials com-
plicates their mass-rearing. In addition to plant feeding, members of Anthocoridae
and Miridae require plants as oviposition substrates, inserting their eggs into the
plant tissue (i.e. endophytic oviposition). The use of plants or plant parts is ex-
pensive due to space and labor required for plant production. Additionally, some
plant materials may not be continuously available such as green beans used for the
production of several anthocorid predators. Finally, the plant material, introduced
in the rearing system, can contain harmful pathogens and residues of pesticides.
1.2 Objectives and thesis outline
The overall objective of this thesis is to examine the complex relationship be-
tween economically important zoophytophagous predators and plants in order to
overcome the previously mentioned difficulties regarding their use as biologi-
cal control agents. We selected three economically important representatives be-
longing to the families Miridae and Anthocoridae displaying a different degree
of zoophytophagy: (1) Orius laevigatus (Fieber) (Heteroptera: Anthocoridae), a
thrips predator that is reported to feed on pollen but rarely causes crop damage;
(2) Macrolophus pygmaeus Rambur (Heteroptera: Miridae), a whitefly predator
causing plant damage only under very specific circumstances such as high preda-
tor densities and low prey availability and (3) Nesidiocoris tenuis Reuter (Het-
eroptera: Miridae), a whitefly predator whose status as a pest or beneficial insect
is controversial.
The research goals of this dissertation are twofold. First, the role of plants
in the life cycle of these predators is determined. It is only poorly understood
what nutrients are taken up during plant feeding or which exchange processes take
place between plants and developing eggs inserted into the plant tissues. In accor-
dance with related heteropterans, we assume that plants provide several nutrients
of which water is the most important one. Furthermore, we hypothesize that mirid
predators, being more phytophagous, absorb more nutrients than anthocorid bug
O. laevigatus. Second, the predators’ effect on plants is evaluated. Until now, little
knowledge is available on the reactions of plants when colonized with zoophy-
tophagous bugs. Since bugs potentially damage the plant by egg deposition or
feeding, we hypothesize that they can induce a defense response resulting in the
production of defense products.
Chapter 2 provides a literature review on the interaction between zoophy-
tophagous predators and plants. In the first part, we take a closer look at the role
that plants fulfill as a food source and oviposition substrate for zoophytophagous
Heteroptera. The second part concentrates on plant defense mechanisms that are
activated upon insect infestation.
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Chapters 3 and 4 focus on the role that plants fulfill in the life cycle of N.
tenuis and O. laevigatus. In order to do this, we subjected both predators to a
plantless rearing system (consisting of an artificial living substrate, water source
and oviposition substrate) and compared developmental and reproductive parame-
ters of bugs reared plantless with their counterparts having access to plants. More-
over, the potential of this plantless rearing system for the mass production of N.
tenuis and O. laevigatus is evaluated.
Chapters 5 and Chapter 6 concentrate on the changes that take place in plants
when colonized by O. laevigatus, N. tenuis or M. pygmaeus. We examined the
expression of several genes involved in the wound response and performed histo-
chemical stainings on leaf tissue exposed to the selected predators. Moreover, we
characterized the volatile organic compounds emitted by plants following feeding
and oviposition by the bugs.
Chapter 7 concludes this thesis with a general discussion, conclusion and fu-
ture perspectives.
2
Literature review
6 CHAPTER 2
2.1 Role of plants for zoophytophagous Heteroptera
2.1.1 Introduction
Heteroptera are commonly called ’true bugs’ and appear as a rather diverse subor-
der of the Hemiptera. All species belonging to this suborder have a hemimetabolous
life cycle. Juvenile stages (nymphs) resemble the adults but do not have genitalia
or wings. Heteroptera typically possess two pairs of wings: forewings (heme-
lytra) are partly membranous whereas hindwings are fully membranous. Most
species have thoracic scent glands which can be used for defense. Heteropteran
bugs possess piercing-sucking mouthparts designed to pierce plant or animal tis-
sues (Wheeler, 2001; Gullan and Cranston, 2010; Schaefer, 2009). In section 2.1,
we focus mainly on true bugs belonging to the families Miridae and Anthocoridae,
both being part of the infraorder Cimicomorpha.
The Miridae or plants bugs are the largest family of true bugs, containing more
than 11000 described species distributed worldwide (Cassis and Schuh, 2012).
Feeding habits of mirid bugs are very diverse. This family consists mainly of plant
feeders among which some commonly known pest insects (Wheeler, 2001). How-
ever, this family also contains a relatively high proportion of omnivorous bugs
feeding on both plant and prey resources (Kullenberg, 1944; Southwood and Le-
ston, 1959). In Europe, several omnivorous mirids are used in augmentative bio-
logical control programs: Dicyphus hesperus Knight (Heteroptera: Miridae), Di-
cyphus tamaninii Wagner (Heteroptera: Miridae), Macrolophus caliginosus Wag-
ner (Heteroptera: Miridae), M. pygmaeus and N. tenuis.
The family Anthocoridae contains between 400 and 600 species inhabiting a
wide variety of habitats (Lattin, 1999). Unfortunately, detailed knowledge is only
available for species belonging to a few genera which are economically impor-
tant (e.g. Anthocoris spp. and Orius spp.). Most known species are predaceous,
although some can feed on plant materials as well (reviewed in Lattin (1999)).
Extensive research has been conducted on the plant feeding habits of Orius spp.
Some species have long been known to feed on pollen, while others are able to
feed on vascular tissue (xylem and phloem) or mesophyll contents (Carayon and
Steffan, 1959; Salas-Aguilar and Ehler, 1977; Armer et al., 1998; Pumarino and
Alomar, 2012; Wong and Frank, 2013).
Zoophytophagous anthocorid and mirid predators maintain a close relationship
with plants using them not only to feed on but also as an oviposition substrate. The
role of plants as a food source for those omnivorous insects is discussed in 2.1.2,
while their function in oviposition is addressed in 2.1.3.
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2.1.2 Plant feeding in zoophytophagous bugs
2.1.2.1 Evolution of zoophytophagy within the Heteroptera
The nature of ancestral feeding habits of zoophytophagous or omnivorous Het-
eroptera has been highly controversial (Cobben, 1978, 1979; Sweet, 1979; Schuh,
1986; Cohen, 1996; Jung and Lee, 2012). It remains unresolved whether the orig-
inal feeding habits of the Heteroptera were carnivorous or phytophagous. Based
on several morphological, physiological and phylogenetic characteristics of het-
eropteran insects, some authors suggest that the ancestral feeding habit was preda-
tory (Goodchild, 1966; Cobben, 1979). Others hypothesize that omnivorous Het-
eroptera evolved from phytophagous ancestors that secondarily assumed a preda-
ceous mode of feeding (Sweet, 1979; Jung and Lee, 2012). Acquiring the ability to
capture and consume prey may be related to the plant part consumed by the insect
(Eubanks et al., 2003). Whereas seeds and pollen can contain up to 10% of ni-
trogen, leaves only have 0.7%. Plant sap contains the lowest amounts of nitrogen,
ranging from 0.005% in phloem to 0.0002% in xylem tissue (Strong and Lawton,
1984). As a consequence, seed and pollen feeding herbivores may be preadapted
to consume nitrogen rich prey and lineages of seed or pollen feeding herbivores
will give rise to omnivores more frequently than herbivores feeding on plant parts
poorer in nitrogen. The host range of herbivorous insect species may also affect
their propensity to evolve the adaptations necessary for prey feeding (Eubanks
et al., 2003). Polyphagous species have morphological, physiological and behav-
ioral characteristics that lend themselves to an omnivorous lifestyle. For example,
Bernays and Minkenberg (1997) reported that polyphagous herbivores often pro-
duce a broad range of digestive and detoxifying enzymes allowing them to feed
on a variety of plant species. Being equipped with those adaptations, polyphagous
herbivores are more likely to consume prey than their monophagous opposites.
2.1.2.2 Mode of feeding
The mouthparts of heteropterans (Fig. 2.1) consist of a slender rostrum formed by
the labium and labrum. Within a groove along the dorsal surface of the rostrum
lies the stylet bundle consisting of two external mandibular stylets and two internal
maxillary stylets. The stylet bundle contains two canals: a dorsal food and a ventral
salivary canal. The food canal is connected with the farynx; the salivary canal with
the salivary duct (Wheeler, 2001; Gullan and Cranston, 2010).
Once a suitable site is detected, heteropterans initiate the feeding process by
inserting their stylets into the prey or plant tissues. Subsequently, saliva is injected
through the salivary canal. Digestive enzymes present in the saliva digest the prey
or plant content after which the liquefied tissues can be taken up through the food
canal (Fig. 2.2). The process of extra-oral digestion allows relatively small preda-
tors to utilize large prey and to extract only the nutritious components leaving
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Figure 2.1: Mouthpart morphology of Heteroptera (Gullan and Cranston, 2010).
Figure 2.2: Macrolophus pygmaeus nymph feeding on aphid (photo author).
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behind nutritionally inferior parts such as the exoskeleton (Cohen, 1990, 1998).
2.1.2.3 Feeding adaptations in zoophytophagous bugs
The relation between mouthpart morphology and feeding habits of several Het-
eroptera has been studied extensively. Cohen (1990) and Cohen (1996) observed
that the barbs on mandibular stylets of predacious heteropteran families are more
numerous that those on the mandibular stylets of phytophagous families. More-
over, the direction of the teeth on the maxillary stylets was different. Stylets of
zoophagous heteropterans are armed with back-curving teeth, which enable them
to grasp a struggling prey (Cobben, 1978; Cohen, 1996). In contrast, those of
phytophagous heteropterans point away from the head. Omnivorous heteropterans
often show an intermediate situation (Fig. 2.3).
The morphology of the digestive tract has been studied to a lesser extent than
the mouthparts. Phytophagous Heteroptera possess a digestive tract equipped with
complexities such as filter chambers, various types of outpocketings or convolu-
tions, whereas the digestive tract of predators is usually of the simple type (Good-
child, 1966). However, the possession of a simple type tract is not restricted
to predatory feeders; this type is also found in the mesophyll-feeding and seed-
feeding Heteroptera. Further, the accessory gland of predatory Heteroptera is of-
ten modified into a sac-shaped or bulbous terminus which functions as a water
recycling mechanism in order to ensure an adequate supply of saliva necessary for
extra-oral digestion. This in contrast to its absence or reduction to a simple tube in
phytophagous Heteroptera (Goodchild, 1966).
The types of digestive enzymes, especially those of salivary origin, are highly
correlated with the feeding habits of heteropterans (Goodchild, 1966; Miles, 1972;
Cohen, 1990; Coll and Guershon, 2002). Saliva of predaceous heteropterans,
which feed on nitrogen rich prey, predominantly contains proteinases (e.g. trypsin,
chymotrypsin and cathepsin) and lipases. However, it has been demonstrated
that those enzymes are not restricted to predatory heteropterans only. Lipid- and
protein-digesting enzymes are also present in the saliva of several mesophyll and
seed feeders. In contrast to proteinases and lipases, which can have a possible
function in both predators and phytophagous insects, other enzymes, including
amylases and pectinases, are strictly useful for plant feeding. Amylases play a
major role in the extraoral hydrolysis of plant starch, which is found in both mes-
ophyll tissue and seeds. Pectinases, mainly found among mirids, are responsible
for solubilizing pectin in the middle lamella of plant cells (Castan˜e´ et al., 2011).
Omnivorous species often possess enzymes characteristic for both predaceous and
phytophagous heteropterans. Lygus hesperus Knight (Heteroptera: Miridae) tested
positive for salivary pectinase and amylase indicating that this bug is adapted to
plant feeding. In addition, salivary extracts also contain phospholipases and a
venom, used for prey consumption (Agusti and Cohen, 2000).
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Figure 2.3: Mandibular and maxillary stylet bundles of the zoophytophagous mirid bugs
N. tenuis and M. pygmaeus (Castan˜e´ et al., 2011).
2.1.2.4 Resources obtained by plant feeding
Only little is known about the nutrients that zoophytophagous predators obtain
from plant materials. Since there are large differences in the chemical composition
of different plant parts, identification of the feeding site may provide an indication.
not restricted to specific plant tissues. Whereas O. insidiosus adults are able to feed
on the xylem of soybean plants, neonate bugs were reported to probe the nutritious
phloem (Armer et al., 1998; Lundgren et al., 2008). Moreover, Armer et al. (1998)
even demonstrated that this anthocorid is able to feed on mesophyll of soybean
leaves.
Several authors assume that plant feeding mainly provides zoophytophagous
predators with water used to maintain their physiological status and during extra-
oral digestion (Gillespie and McGregor, 2000). Gillespie and McGregor (2000)
and Sinia et al. (2004) support this hypothesis by showing that the mirid predator
D. hesperus needs to ingest water, primarly obtained from plant tissues, to con-
sume its prey. Besides water, several other nutrients can be taken up from plant
materials. Dicyphus hesperus and M. pygmaeus nymphs, supplementing their diet
of Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) eggs with plants (tomato
and tobacco, respectively), exhibit a higher survival and a shorter development
than their counterparts provided with insect eggs and supplementary water (Gille-
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spie and McGregor, 2000; De Puysseleyr, 2007). The above observations suggest
that plant material can provide nutrients, besides water, that improve several life
history traits.
Gillespie and McGregor (2000) developed three theoretical models describ-
ing the functional relationship between the amount of prey and plant feeding in
zoophytophagous bugs (Fig. 2.4). In the first model, the amount of plant feeding
is correlated negatively to the amount of prey feeding. According to this model,
plants are a suboptimal food source which is exploited only when prey become
scarce or absent. As a result, phytophagy is only facultative and not obligatory.
Many authors report that plant damage caused by feeding increases when prey
density decreases thereby supporting this model (Sampson and Jacobson, 1999;
Arno´ et al., 2006; Sanchez, 2008; Calvo et al., 2009; Sanchez, 2009). However,
it was also shown that zoophytophagous predators cannot survive on a diet con-
sisting of prey only (Dicyphus spp., Macrolophus spp., Orius spp.) (Gillespie and
McGregor, 2000; De Puysseleyr, 2007). Supplementing the prey diet with a source
of free water or plant material is essential for survival, development and reproduc-
tion. This observation suggests that water is an essential nutrient and phytophagy
is obligatory and not facultative as stated by this model. In the second model, a
positive correlation occurs between the amount of plant and prey feeding. Phy-
tophagy provides resources which are essential for predation. As a result, the
amount of plant feeding would be expected to increase as prey consumption in-
creases. However, this model contradicts with the observation that plant damage
caused by zoophytophagous bugs decreases when more prey become available. In
the third model, the amount of plant feeding is independent on the amount of prey
feeding. Under this scenario, omnivorous bugs ingest certain nutrients derived
from plants which they cannot derive from prey (e.g. phytosterols).
2.1.2.5 Zoophytophagous bugs in biological control programs
Table 2.1 provides an overview of the zoophytophagous anthocorid and mirid
predators that are currently in use as biological control agents throughout the
world. Their omnivorous feeding habit has both advantages and disadvantages.
Insects colonizing agricultural crops generally face extreme temporal and spa-
tial variation in prey abundance. The ability to feed on plants allows zoophy-
tophagous predators to remain on the target crop even in the absence or shortage of
prey. As a result, zoophytopagous bugs can colonize crops before prey arrival and
a single seasonal release is often sufficient to maintain pest levels below economic
threshold (Lenfant et al., 2000; Calvo et al., 2012). Moreover, plant feeding can
function to balance the diet optimally thereby improving life-history traits such as
survival, development time, fecundity and longevity and stabilizing predator popu-
lations (Naranjo and Gibson, 1996; Coll, 1998; van Lenteren and Loomans, 1999;
Wheeler, 2001; Coll and Guershon, 2002; Castan˜e´ et al., 2004).
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Figure 2.4: Three models of feeding behaviour in predatory Heteroptera. (a) The amount
of plant feeding decreases with increased plant feeding. (b) The amount of plant feeding
increases with increased plant feeding. (c) The amount of plant feeding is independent of
the amount of prey feeding (Gillespie and McGregor, 2000).
In contrast, the phytophagous habit of those bugs also implies a certain risk to
the crop plants. Whereas many pollen feeding omnivores, e.g. Orius spp., pose no
risk to plants, several others are known on account of the damage they can cause to
crops (Wheeler, 2001). Some predators, e.g. M. pygmaeus, are generally consid-
ered safe and cause only plant damage under very specific circumstances such as
high predator densities combined with low prey availability (Malausa and Trottin-
Caudal, 1996; Van Schelt et al., 1996; Sampson and Jacobson, 1999). The status of
others as a pest or beneficial insect is controversial. Nesidiocoris tenuis has been
mentioned as a pest in Egypt and in the south of France, while it was generally
regarded as a beneficial predator in Sicily and Spain (Castan˜e´ et al., 2011). Feed-
ing by this predator causes different types of injuries including necrotic rings on
stems, petioles and flower stalks (Sanchez et al., 2006; Sanchez and Lacasa, 2008;
Calvo et al., 2009; Perdikis et al., 2009). This characteristic brown discoloration is
probably caused by a series of wound-response reactions (polyphenolperoxidase
cascade) initiated by insect feeding (Raman et al., 1984). Further, several authors
observed a reduction in vegetative growth and fruit yield in crops infected with
N. tenuis (Arno´ et al., 2010). It was hypothized that the continuous extraction
of assimilates, caused by feeding on vascular tissues, reduces the availability of
resources for the plant.
As described in 2.1.2.2, zoophytophagous bugs feed by the lacerate and flush
method. As a result of this feeding method, plant injuries can originate from the
mechanical action of the insects mouthparts. Inserting the stylet bundle during
feeding can give rise to mechanical disruption of cells along the feeding track. The
importance of this type of damage depends on where the bug feeds: while feeding
on the mesophyll causes simple lesions, sucking on meristematic tissues produces
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Table 2.1: Main species of zoophytophagous Anthocoridae and Miridae used in augmenta-
tive biological control programs with primary target pests and region of past or present use
(van Lenteren, 2012)
Species Family Target(s) Region of use
Anthocoris nemoralis Anthocoridae Psyllids Europe, North America
Anthocoris nemorum Anthocoridae Psyllids, Europe
thrips
Orius albidipennis Anthocoridae Thrips Europe, Africa
Orius insidiosus Anthocoridae Thrips North/Latin America,
Europe
Orius laevigatus Anthocoridae Thrips Europe, North Africa
Asia
Orius majusculus Anthocoridae Thrips Europe
Orius sauteri Anthocoridae Thrips Asia
Orius strigicollis Anthocoridae Thrips Asia
Orius tristicolor Anthocoridae Thrips North America, Europe
Dicyphus hesperus Miridae Whiteflies North America, Europe
Dicyphus tamaninii Miridae Whiteflies Europe
Macrolophus caliginosus Miridae Whiteflies Europe
Macrolophus pygmaeus Miridae Whiteflies Europe, Africa
Nesidiocoris tenuis Miridae Whiteflies, Europe
lepidopterans
malformations of the stem, leaves and fruit (Hori, 2000). Besides, damage can
also be inflicted by the chemical activity of enzymes injected during extra-oral
digestion. For example pectinase, an enzyme present in the saliva of many mirid
bugs, is responsible for solubilizing pectin in the middle lamella of plant cells
thereby disrupting plant tissues (Hori, 2000; Wheeler, 2001).
2.1.3 Oviposition on plants by zoophytophagous bugs
2.1.3.1 Site selection
Like many Cimicomorpha, mirid and anthocorid predators insert their solitairy
eggs in living and healthy plant tissues (Lundgren, 2011). Most species have a
narrow range of preferred plants to lay eggs on (Coll, 1996; Lundgren and Fergen,
2006; Sanchez et al., 2004). The mirid predator D. hesperus expressed a prefer-
ence for tobacco over the 8 other plant species tested by Sanchez et al. (2004).
Corn leaves turned out to be unsuitable for oviposition possibly due to the inabil-
ity of females to insert their ovipositor into corn tissues. Coll (1996) showed that
Orius insidiosus (Say) (Heteroptera: Anthocoridae) laid significantly more eggs on
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tomato, bean and pepper than on corn. Lundgren and Fergen (2006) documented
that this predator has a strong preference for pole beans when given access to dif-
ferent plant species including pigweed, soybean and velvetleaf. They also found
that, besides corn, many other monocot plants are unacceptable oviposition sites
for this predator. However, not all Orius spp. are as selective as O. insidiosus when
it comes to oviposition sites. Orius sauteri (Poppius) (Heteroptera: Anthocoridae)
did not distinguish between the plant species tested by Guo and Wan (2001).
In addition to displaying preferences for some plant species, females can also
discriminate among plant structures. Many species practising endophytic ovipo-
sition, prefer to deposit their eggs in petioles (Groenteman et al., 2006; Isenhour
and Yeargen, 1982; Lundgren and Fergen, 2006) and leaf veins (Constant et al.,
1996b; Lundgren and Fergen, 2006; Vandekerkhove et al., 2006). Inserting the
eggs into the most succulent parts of the leaf possibly reduces the risk of dessica-
tion. Besides, some anthocorid predators display a preference for green bean fruit
as an ovipostion site (Murai et al., 2001; Richards and Schmidt, 1996; Shapiro and
Ferkovich, 2006).
Several factors are involved in oviposition site selection. Morphological cues
such as epidermal thickness and trichome densities may be used by females de-
ciding where to lay eggs on plants. Orius insidiosus prefers to oviposit on sites
with the thinnest external plant tissues (Lundgren et al., 2008). Similarly, a corre-
lation exists between M. caliginosus oviposition and the hardness of Pelargonium
peltatum L. tissues (Constant et al., 1996b). Females prefer tissues that require
less than 0.1 Newton to penetrate. No females were able to lay eggs in tissues
with a hardness above 0.35 Newton. Tissue hardness seems to be a key criterion
in oviposition site selection for many other Miridae (Sanford, 1964). In addition,
some other epidermal characteristics, such as trichomes, are known to have an ef-
fect on the oviposition of insects. While those plant structures could protect eggs
from potential predators, they can also hinder the egg-laying process. Lundgren
et al. (2008) documented that eggs of the anthocorid predator O. insidiosus are
most frequently found where trichomes were less dense.
The presence of specific chemical plant substances such as allelochemicals, is
known to induce oviposition in several species. Constant et al. (1996a) reported
that spraying an artificial substrate with leaf extracts of Inula viscosa L. increased
the egg-laying of M. pygmaeus with 33%. Similarly, Anthocoris nemorum L. (Het-
eroptera: Anthocoridae) adults are attracted to volatiles of specific plant species in
olfactometer experiments (Dwumfour, 1992). In contrast, O. insidiosus females
do not use infochemicals in locating oviposition sites on plants (Lundgren et al.,
2009).
Sometimes, a linkage between oviposition site selection and offspring perfor-
mance could be observed. Females can display a preference for specific plants
which optimize the performance of their offspring (Lundgren et al., 2008; Sanchez
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Figure 2.5: Nesidiocoris tenuis female ovipositing in artificial substrate (photo author).
et al., 2004). However, such correlation could not always be detected.
While some factors affecting oviposition site selection are plant-related, oth-
ers are prey-mediated and involve responding to prey densities or semiochemi-
cals. Some predators deposit their eggs where prey is concentrated (Hagen et al.,
1999; Isenhour and Yeargen, 1982; Seagraves and Lundgren, 2010). When given
a choice, O. insidiosus females prefer prey enriched plants over prey-free ones
(Seagraves and Lundgren, 2010). Other predators tend to oviposit away from prey
(Schellhorn and Andow, 1999). Sometimes, chemicals emitted by prey function
as an oviposition elicitor (Ferkovich and Shapiro, 2007).
2.1.3.2 Oviposition process
The oviposition process has been described for several predators practicing endo-
phytic oviposition (Liquido and Nishida, 1985; Ferran et al., 1996; Romani et al.,
2005). Females often initiate the process by probing the plant surface with their
mouthparts sometimes followed by a short feeding bout (Ferran et al., 1996; Lund-
gren et al., 2008). Chemo- or mechanosensors located on the rostrum examine
chemical and physical characteristics of the plant tissue. Once a suitable site is se-
lected, females insert their ovipositor into the hole made by the mouthparts. Some
species, including M. caliginosus, assess the quality of the oviposition site again
with their ovipositor while others, such as O. insidiosus, show no experimental
16 CHAPTER 2
Figure 2.6: Eggs of Macrolophus pygmaeus embedded in leaf tissue (left) (photo author)
and cross section of an Orius insidiosus egg inserted into a plant petiole (right) (Lundgren,
2011).
probing (Ferran et al., 1996; Lundgren et al., 2008). The process of injecting (Fig.
2.5) is often accompanied by rapid pulsations of the abdomen (Ferran et al., 1996;
Lundgren et al., 2008). Consequently, the ovipositor is extracted and the female
reinitiates foraging. The process of laying a single egg typically takes only a few
minutes.
2.1.3.3 Embryonic development
Eggs of both mirids and anthocorids tend to be elongated and shaped like a wine
flask with a flattened operculum at their apex (Wheeler, 2001; Lundgren, 2011).
In these families, the eggs are embedded into the oviposition substrate leaving
only the operculum exposed (Fig. 2.6). Gas exchange processes take place via
aeropyles present in the operculum. The chorion, being the outer layer of the egg,
acts as an interface with the plant tissues.
Little is known about the exchange processes between heteropteran eggs and
the surrounding plant tissue. Constant et al. (1994) examined the biochemical
composition of M. caliginosus eggs during embryogenesis and observed that the
wet weight doubled throughout development, while the dry weight did not vary.
Moreover, the amino acid content of the eggs remained stable during embryogen-
esis. Latter authors concluded that mainly water is taken up from the surrounding
plant tissue during embryogenesis.
2.1.3.4 Artificial oviposition substrates
Reliance on plant material as an oviposition substrate in commercial insectaries
has some major drawbacks. Oviposition of Orius spp. in mass rearing systems
mainly occurs on fresh green bean pods. Besides having a limited seasonal avail-
ability, these pods often pose additional practical problems. Under circumstances
favorable for egg hatch (> 70% humidity), the beans often become moldy and
rapidly decompose. First instars can get caught in the mold mycelium or conden-
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sation droplets and die (Richards, 1992). Mirid predators, e.g. M. pygmaeus, are
usually reared on fresh plants (e.g. tobacco) in greenhouses. The use of plants re-
quires substantial amounts of space and labor thereby increasing the price of those
predators. Furthermore, together with the plant material, pathogens and pesticides
can get introduced in the colony.
An artificial oviposition substrate has to meet several important criteria. First,
it should be accepted for oviposition by female insects. The attractiveness of a sub-
strate as an oviposition site can be determined by many factors including volatile
odors, color of the substrate and mechanical stimuli such as surface texture and
stickiness (Singh and Moore, 1985). Constant et al. (1996a) reported that spraying
an artificial substrate with leaf extract of I. viscosa increased the egg-laying of M.
pygmaeus with 33%. Both mirid and anthocorid predators seem to favour ovipo-
sition substrates with a lipophilic surface such as Parafilm or paraffin wax. This
preference could be caused by the similar texture of these substrates and the waxy
outer layers of the plant cuticle (Castan˜e´ and Zalom, 1994; Castan˜e´ and Zapata,
2005; Constant et al., 1996a; Iriarte and Castan˜e´, 2001; Richards and Schmidt,
1996; Shapiro and Ferkovich, 2006; Vandekerkhove et al., 2011). Besides being
attractive, artificial substrates have to sustain embryonic development of insect
eggs. Dessication of the eggs could occur if the substrate runs dry before hatching
has taken place.
Artificial oviposition substrates often consist of a membrane covering and a
soft core. Membrane and core hardness are important for successful oviposition.
Both must be soft enough to be penetrated by the female ovipositor. Otherwise,
eggs are laid on the surface or in the interface between membrane and core and
become dessicated. However, if too soft, egg opercula cannot anchor to the mem-
brane and are floating freely in the medium. Although these eggs may develop,
nymphs often fail to escape and drown. Further, appropriate moisture content of
the core prevents eggs from dessicating and improves the hatching success.
A number of workers have proposed artificial oviposition substrates for an-
thocorids and mirids. Castan˜e´ and Zalom (1994) developed a successful artificial
oviposition substrate for O. insidiosus consisting of a gelatin (carrageenan salt of
potassium chloride) core covered with a thin (< 0.045 mm) layer of paraffin wax.
Oviposition and eclosion rates on this artificial substrate were similar to those ob-
tained on bean pods. Richards and Schmidt (1996) evaluated oviposition of O. in-
sidiosus on agar wrapped in a single layer of Parafilm but failed to produce living
nymphs. Using unstretched Parafilm, females were unable to penetrate the sur-
face with their ovipositor. When the Parafilm membrane was stretched, eggs did
not attach to it, sank into the core of agar and finally drowned. Shapiro and Fer-
kovich (2006) observed that this anthocorid predator deposited half as much eggs
in water-filled Parafilm domes as compared to green beans. Unfortunately, eggs
were floating in the water and had to be extracted from the oviposition substrate
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making it unsuitable for mass-rearing purposes. Constant et al. (1996a) developed
an oviposition substrate for mirid predators consisting of moistened dental cotton
rolls wrapped in stretched Parafilm. Several workers managed to rear mirid preda-
tors for several generations using this substrate. Iriarte and Castan˜e´ (2001) pro-
duced more than 5 generations of D. tamaninii while Castan˜e´ and Zapata (2005)
succeeded in rearing 7 generations of M. caliginosus. Both authors reported sev-
eral negative effects on life history traits. Unfortunately, these predators were
also fed a semi-synthetic meat based diet, making it impossible to distinguish any
effects caused by the artificial oviposition substrate from those caused by the sub-
optimal diet. Vandekerkhove et al. (2011) succeeded in culturing M. pygmaeus
for over 30 consecutive generations using an oviposition substrate modified from
Constant et al. (1996a) and E. kuehniella eggs as a food source. Developmental
and reproductive parameters of the predators from the plantless rearing group were
similar to those of their counterparts maintained on tobacco leaves.
2.2 Insects and plant defense
2.2.1 Constitutive and inducible plant defense
During the long course of coevolution with herbivorous insects, plants have evolved
a wide range of defense mechanisms to counter insect attacks. These mechanisms
can be generalized into two categories: constitutive and inducible defenses. Con-
stitutive defenses are typically existing before herbivore infestation (pre-formed),
whereas inducible defenses become activated upon insect attack. Both constitutive
and inducible defenses can act by themselves against the aggressor (direct defense)
while they could also attract enemies of the attacker (indirect defense).
Direct constitutive defense mechanisms include pre-formed physical and chem-
ical barriers to herbivores. Nearly all plants are equipped with physical defense
mechanisms. Not only spines and thorns but also coatings composed of cutin,
suberin and waxes provide surface protection to herbivores (Halpern et al., 2007;
Reina-Pinto and Yephremov, 2009). Besides, plants produce a wide array of or-
ganic compounds that appear to have no direct function in growth and development
but have been thought to play a major role in plant defense against herbivores.
Those substances can be roughly divided into different subgroups: terpenes, phe-
nolics, nitrogen-containing compounds (including alkaloids, cyanogenic glyco-
sides and glucosinolates)) and proteins (Ibanez et al., 2012; Mitho¨fer and Boland,
2012). Some of those compounds, e.g. plant lectins, are abundantly present in
seeds or various vegetative storage tissues that are particularly vulnerable to pest
insects (Van Damme et al., 1998; Vandenborre et al., 2011).
Indirect constitutive defense mechanisms aim at attracting natural enemies of
the attacking herbivore by providing food (food bodies and extrafloral nectar) and
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shelter (leaf domatia) or by emitting volatile organic compounds (VOC) (Heil,
2008). Undamaged plants release a baseline level of volatile compounds which
provide information to carnivores. Moreover, VOC are stored in specialized leaf
structures from which they are emitted when herbivores cause mechanical damage
to the plant (Pare´ and Tumlinson, 1999).
In contrast to those pre-formed mechanisms, inducible plant defense is only
activated when a plant is attacked by its enemies and usually consists of three
steps: (1) perception of insect attack (see 2.2.2), (2) transduction of the signal (see
2.2.3) and (3) production of defensive products (see 2.2.4).
2.2.2 Perception of insect attack
Successful inducible plant defense depends on the ability of plants to recognize an
attacking enemy fast and efficiently. Plants are able to detect a herbivore’s presence
during different phases of the insect attack (reviewed by Felton and Tumlinson
(2008); Mitho¨fer and Boland (2008); Hilker and Meiners (2010); Arimura et al.
(2011); Bonaventure (2012)). Plants evolved the ability to recognize an approach-
ing herbivore which is only landing or walking around, usually the first phase of
insect attack (see 2.2.2.1). Besides, plant defense can be activated by feeding (see
2.2.2.2) or egg deposition of herbivorous insects (see 2.2.2.3).
2.2.2.1 Touch
There is little detailed knowledge on how plants sense touch by herbivorous arthro-
pods. Some authors hypothesize that touching results in the activation of ion chan-
nels located in the plant plasma membrane which is followed by a rapid change in
the cytosolic Ca2+ signature. As described in 2.2.3, those calcium transients may
trigger further plant signal transduction pathways (Legue´ et al., 1997; Nakagawa
et al., 2007; Haswell et al., 2008).
Moreover, Peiffer et al. (2009) reported that certain plant species, e.g. tomato,
are equipped with type VI glandular trichomes which can function as mechanore-
ceptors. Rupture of those plant structures by insects induces the expression of
several defense transcripts.
Besides, insect tarsi can cause minute ruptures of the plant epidermis which
leads to the rapid synthesis of several compounds involved in defense signalling
such as reactive oxygen species (ROS) and γ-aminobutyric acid (Hall et al., 2004;
Bown et al., 2006). In addition, plants may also respond to chemicals released
from the herbivore’s tarsi (Beutel and Gorb, 2001; Gorb, 2007; Bullock et al.,
2008).
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Figure 2.7: Structures of feeding-associated elicitors of plant defenses (Felton and Tumlin-
son, 2008).
2.2.2.2 Feeding
A feeding herbivore may be sensed by a plant simply as a result of the physical
damage inflicted on the plant tissue. Mitho¨fer et al. (2005) developed a computer-
controlled mechanical caterpillar, called MecWorm, and reported that it was able to
induce the same defense products in lima bean leaves as true herbivores. However,
this was not the case for all plant species investigated, suggesting that the rela-
tive contribution of mechanical wounding in eliciting a defense reaction can differ
among plant species. Analogously, other studies revealed that artificial wounding
fails to reproduce the same reaction as insect feeding does (Kessler and Baldwin,
2002; Zheng and Dicke, 2008).
Several authors have shown that oral secretions from feeding insects can con-
tain compounds, called elicitors, which play a role in eliciting defensive plant re-
sponses. To date, four different classes of feeding-associated elicitors have been
chemically identified. β − glucosidase, present in the regurgitant of Pieris bras-
sicae L. (Lepidoptera: Pieridae), is the only enzymatic elicitor found in chewing
insects (Mattiaci et al., 1995). Other enzymatic elicitors, e.g. polyphenol oxidase,
have been characterized in the saliva of phloem feeding aphids (Ma et al., 2010).
Besides proteins, several low-Mr compounds have been reported to elicit a defense
response (Fig. 2.7). The most prominent class, fatty acid - amino acid conjugates
(FACs), is represented by volicitin which has been isolated from regurgitant of
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several lepidopteran larvae (Alborn et al., 1997; Pohnert et al., 1999; Pare´ et al.,
2005; Tumlinson and Lait, 2005; Mitho¨fer and Boland, 2008). The fatty acid part,
which is plant derived, is represented by linolenic acid, linoleic acid and deriva-
tives thereof while the amino acid components are L-glutamine or L-glutamic acid.
Inceptins, another important class of elicitors isolated from lepidopteran regurgi-
tant feeding on cowpea or maize, are disulfide-bridged peptides derived from the
chloroplastic ATP synthase of the plant on which the caterpillars feed (Schmelz
et al., 2006, 2007). Depending on the proteolytic cleavage, the amino acid se-
quences may vary slightly. In contrast to the above-mentioned elicitors, which
all have been isolated from lepidopteran larvae, caeliferins are commonly found
in insects belonging to the Orthoptera suborder Caelifera (Alborn et al., 2007).
Whereas the basic structure of those compounds is also a fatty acid, the chemical
structure is significantly different from those of FACs.
2.2.2.3 Oviposition
Ovipositional wounding per se (without eggs or egg secretion) has so far not been
shown to induce a defense response in plants (Hilker and Meiners, 2011). In con-
trast, a few elicitors, present on insect eggs or in the egg secretion, have been fully
identified chemically: (1) Bruchins, long-chain α, ω-monounsaturated C22-diols
and α, ω-mono- and diunsaturated C24-diols, are isolated from bruchid females
depositing eggs on pea pods (Doss et al., 2000; Doss, 2005). (2) Benzyl cyanide
present in the sticky secretion associated with eggs of P. brassicae. The females re-
ceive this compound as an anti-aphrodisiac from males during mating. It reduces
the likelihood of further matings thereby enhancing the probability of paternity
of the transferring male (Fatouros et al., 2005; Little et al., 2007; Fatouros et al.,
2008). (3) Proteinaceous oviduct secretion that envelopes the eggs of the elm leaf
beetle Xanthogaleruca luteola Mu¨ller (Coleoptera: Chrysomelidae) (Meiners and
Hilker, 2000) and of the pine sawfly Diprion pini L. (Hymenoptera: Diprionidae)
(Hilker et al., 2002, 2005; Koepke et al., 2008).
2.2.3 Signalling
Wounding or the perception of insect elicitors triggers a complex signal trans-
duction pathway in plants. Figure 2.8 provides a timed overview of the events
detectable in plant tissues initiated by insect attack. The earliest events measur-
able are Vm changes at the plasma membrane and changes in the intracellular
Ca2+ concentration (see 2.2.3.1) followed by the generation of ROS (see 2.2.3.2).
Later events include the production of several phytohormones (see 2.2.3.3) and the
transcription of several defense-related genes.
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Figure 2.8: Timed hierarchy of consecutive events detectable in plant tissues which are
initiated by feeding insects (Maffei et al., 2007a).
2.2.3.1 Vm and Ca2+ changes
Among the earliest cellular events triggered by insect feeding are changes in the
plasma membrane potential (Vm) and in cytosolic Ca2+ concentrations (Maffei
et al., 2004, 2006, 2007b). The Ca2+ ion is generally recognized as a second mes-
senger in numerous plant signalling pathways. In the resting state, Ca2+–ATPases,
located in various compartments of the plant cell, constantly pump Ca2+ outside
the cytosol into the apoplast, mitochondria, vacuole and endoplasmatic reticulum.
This results in a low cytosolic Ca2+ concentration (ca. 0.0001 mM) whereas Ca2+
levels in apoplast, mitochondria, vacuole and endoplasmatic reticulum are high
(ca. 1 mM).
Perception of herbivore attack has been demonstrated to induce Ca2+ influx
into the cytosol by opening of Ca2+ channels located in the cell membrane and
membranes surrounding plant cell internal Ca2+–stores such as mitochondria, en-
doplasmatic reticulum and the vacuole. These events start locally at the feed-
ing site but can spread systemically throughout the plant. Ca2+ transients are
percieved and transmitted by Ca2+–dependent kinases and phosphatases. These
enzymes can alter biochemical function directly and rapidly through reversible
phosphorylation, but also cause alterations in gene expression by modulating tran-
scription factor activity (Sanders et al., 1999).
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2.2.3.2 ROS production
Several studies have provided direct evidence for ROS accumulation following in-
festation by either chewing or piercing-sucking insects (reviewed in Kerchev et al.
(2012)). For example, Maffei et al. (2006) reported the production of H2O2 at
the feeding site of the chewing caterpillar Spodoptera littoralis Boisduval (Lepi-
doptera: Noctuidae) in lima bean leaves. H2O2 accumulation was observed pri-
marly in the cell wall and apoplast close to the bite zone. Maffei et al. (2007a)
suggest that herbivore attack induces the activation of the NADPH oxidase com-
plex, located in the plasma membrane, which generates the anion superoxide that
is quickly converted to H2O2. As a result, H2O2 accumulates in the extracellular
matrix or enters the cell, where it prompts a concentration–dependent Vm depo-
larisation. Whereas H2O2 can act as a messenger involved in cell signalling, its
presence at the wounding site could also be advantagous preventing secondary
microbial infection of wounded zones.
Besides its well-documented role at the feeding or injury site, H2O2 can also
have a function in systemic sygnaling (Bergey et al., 1999; Orozco-Cardenas and
Ryan, 1999; Orozco-Cardenas et al., 2001; Wasternack et al., 2006). Orozco-
Cardenas et al. (2001) showed that wounding or herbivory causes the accumulation
of H2O2 in or near the vascular bundles and in intracellular spaces in tomato leaves
where it behaves as a diffusible signal for the expression of defense genes in leaf
mesophyll cells.
2.2.3.3 Phytohormones
Jasmonates are considered the key hormones in regulating a plant’s response to
herbivore attack. Besides, several other hormones such as salicylic acid (SA),
ethylene (Et), abscisic acid (ABA), auxin, gibberellic acid (GA), and brassinos-
teroids (BR) are also implicated in plant defense but their role is less well studied
(reviewed by Erb et al. (2012)).
Jamonates Jasmonates are widespread through the plant kingdom and play cru-
cial roles in different processes related to biotic/abiotic stress responses and plant
growth and development (reviewed by Wasternack (2007) and Avanci et al. (2010)).
Jasmonate biosynthesis, signalling and the role of those hormones in plant de-
fense has been extensively studied in the model systems Arabidopsis and tomato
(Wasternack et al., 2006; Wasternack, 2007; Avanci et al., 2010; Sun et al., 2011;
Kombrink, 2012).
The biosynthesis of jasmonates was first studied by Vick and Zimmerman
(1984) and further unraveled in recent years (Wasternack, 2007; Schaller and Stintzi,
2009; Wasternack and Kombrink, 2010). The jasmonate biosynthesis pathway is
presented in Figure 2.9. Wounding or herbivore attack will activate type A phos-
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Figure 2.9: Biosynthesis of jasmonic acid through the octadecanoid pathway (Acosta et al.,
2009).
pholipases which release α-linolenic acid from the chloroplast membranes. In
the chloroplast, this fatty acid is transformed to oxophytodienoic acid (OPDA) by
several enzymes including lipoxygenase (LOX), allene oxide synthase (AOS) and
allene oxide cyclase (AOC). Subsequently, OPDA is released from the chloroplast
and imported into the peroxisomes where it undergoes three cycles of β-oxidation
finally forming JA. In the cytosol, JA can be modified in various ways, e.g. con-
jugation to different amino-acids such as isoleucine forming the active hormone
jasmonoyl-isoleucine (JA-Ile).
Figure 2.10 depicts the jasmonate signalling pathway (Chini et al., 2007; Thines
et al., 2007; Fonseca et al., 2009). In the absence of jasmonates, JAZ-proteins
bind to transcription factors, coordinating the transcription of jasmonate-regulated
genes, and limit their activity. JA-Ile, produced upon wounding or herbivory, pro-
motes the interaction between JAZ-repressors and the SCFCOI1 complex. As a re-
sult, JAZ-proteins are labeled with ubiquitin thereby marking them for degradation
by 26S-proteasomes. Destruction of the repressors will liberate the transcription
factors and allow transcriptional activation of jasmonate-responsive genes. A sub-
stantial amount of those genes encode proteins that have a function in both direct
and indirect plant defenses. In addition, the transcription of JA biosynthesis genes
is regulated by this mechanism suggesting a positive feedback loop.
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Figure 2.10: Simplified model of jasmonate signalling (Farmer, 2007); a) JAZ proteins are
normally bound to transcription factors and inhibit their activity; b) In response to attack,
JA Ile promotes the interaction between the SCFCOI1 complex (Only the COI1 compo-
nent is shown) and JAZ; c) The JAZ repressor is modified by ubiquitin, thereby marking
it for destruction; d) JAZ is destroyed, liberating the transcription factors; e) this allows
transcription of genes that produce proteins involved in defence and development.
Other hormones Although jasmonates play a central role, several other sig-
nalling molecules can act as modulators in plant defense against herbivores (Erb
et al., 2012). It was suggested that cross-talk with other pathways gives plants the
opportunity to achieve herbivore-specific responses. The best-studied hormones
that alter JA-mediated defense response are SA and Et. In general, SA antago-
nizes JA-induced resistance, whereas Et can have both positive and negative effects
(Adie et al., 2007; Pieterse et al., 2009; Robert-Seilaniantz et al., 2011; Sendon
et al., 2011; Thaler et al., 2012).
2.2.4 Inducible defense products
The perception of an attacking enemy and the activation of the signalling cascade
eventually leads to the production of inducible defense products which can be
grouped into direct (see 2.2.4.1) and indirect responses (see 2.2.4.2).
2.2.4.1 Direct defense products
Function Direct defense products can play multiple roles in plant defense. Plant
compounds induced by oviposition usually affect ovipositing females or insect
eggs (Hilker and Meiners, 2006). They can be repellent to the egg-laying female
(De Moraes et al., 2001), kill the eggs by the production of ovicidal substances
(Seino et al., 1996) or detach the eggs from the plant surface by a hypersensitive
response (Shapiro and Devay, 1987; Balbyshev and Lorenzen, 1997).
Defense compounds induced by feeding can be anti-nutritive or toxic to the
attacking herbivore (Chen, 2008). Anti-nutrition can occur both pre- and post-
ingestion. In the pre-ingestion phase, host plants can limit food supplies to insects
by inducing physical barriers and fortifying cell walls, activating a hypersensitive
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response or releasing volatile organic compounds that are repellent to the attack-
ing enemy. In the post-ingestion phase, defense products (usually plant enzymes)
can reduce the nutrient value of the ingested plant food by destroying essential
nutrients (e.g. essential amino acids) in the insect gut (Chen et al., 2004; Felton,
2005; Chen et al., 2007) or by inhibiting the insect’s digestive enzymes (Fan and
Wu, 2005). In addition, plants can also defend themselves by producing defense
chemicals that are toxic and cause physical or chemical damage to the herbivore
(Pechan et al., 2000; Salunke et al., 2005).
Classification Following insect attack, plants can produce a nearly inexhaustible
number of defense products including inhibitors of insect digestive enzymes, plant
secondary metabolites, proteases, lectins, amino acid deaminases, polyphenol ox-
idases and other defensive proteins (Chen, 2008).
Protease inhibitors Inhibitors of insect digestive enzymes are the most exten-
sively studied group of defense chemicals. An important class of insect digestive
enzymes are proteases which catalyze the release of peptides and amino acids from
dietary protein and are found most abundantly in the midgut region of the insect di-
gestive tract. Upon herbivore attack, protease inhibitors (PIs) are actively induced
to high levels in the infested plant tissues (Lawrence and Koundal, 2002). The de-
fensive capacities of PIs rely on inhibition of proteases present in insect guts. Most
PIs interact with their target proteases by contact with the active site, resulting in
the formation of a stable protease-inhibitor complex that is incapable of enzy-
matic activity. Inhibition of gut proteases reduces the digestion of dietary protein,
thereby reducing the availability of essential amino acids. Moreover, the insect
responds to this inhibition by hyperproduction of the sensitive protease which in
turn leads to the depletion of essential amino acids and finally results in retarded
growth rates (Lawrence and Koundal, 2002; Fan and Wu, 2005). PIs are gener-
ally categorized according to the class of protease that they inhibit. Serine PIs are
widespread in the plant kingdom and are currently subdivided into eight families
based on primary sequence data. PI-I, a representative of the potato inhibitor I fam-
ily, is a potent inhibitor of the insect digestive enzyme chymotrypsin and is highly
conserverd among several members of the Solanaceae family. PI-II, a member
of the potato inhibitor II family, is a double-headed inhibitor active against both
trypsin and chymotrypsin. In tomato leaves, PI-II accumulates coordinately with
PI-I but at a rate about half that of PI-I.
2.2.4.2 Indirect defense products
Inducible indirect plant defenses comprise the induced production of extrafloral
nectar (EFN) that is exploited as food source by carnivorous arthropods as well
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Figure 2.11: Extrafloral nectar gland on a cotton leaf (Bezemer and van Dam, 2005)
as the induced production of VOC that attract natural enemies of the attacking
herbivore.
Extrafloral nectar While floral nectar is secreted within the flowers and serves
in pollination, EFN is produced in general on the vegetative parts of plants (Fig.
2.11). It attracts ants, parasitoids and generalist predators who will function as
bodyguards and protect the plant from herbivores (Arimura et al., 2005; Heil, 2011;
Kessler and Heil, 2011). Extrafloral nectaries have been described for over a thou-
sand plant species ranging over 93 plant families (Koptur, 1992). Extrafloral nectar
is mainly composed of sucrose, glucose and fructose but other sugars, amino-acids
and various organic compounds can be present in some species (Bently, 1977).
The composition and volume of EFN can change when plants are attacked by her-
bivores (Agrawal and Rutter, 1998).
Volatile organic compounds In response to herbivore attack, plants often re-
lease a blend of herbivore-induced plant volatiles that may provide natural enemies
with the necessary information to locate their prey. Volatiles attractive to carni-
vores are released either after feeding, egg deposition, or a combination of both.
Whereas oviposition-induced plant volatiles were shown to attract mainly egg par-
asitoids attacking the eggs of the inducing herbivore, feeding-induced volatiles
generally attract antagonists of the feeding stages (Meiners and Hilker, 2000;
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Figure 2.12: Representative compounds of the four major classes of plant volatiles that
can occur in the headspace of various plant species after insect herbivory or egg deposition
(Mumm and Dicke, 2010).
Hilker et al., 2002; Colazza et al., 2004; Hilker and Meiners, 2006; Mumm and
Dicke, 2010). Furthermore, the emission pattern depends on the mode of feed-
ing of the attacking herbivore. Verheggen et al. (2013) reported that caterpillar-
infested turnips elicited a volatile pattern qualitatively and quantitatively different
from that induced by aphid infestation.
Odor blends emitted by herbivore-infested plants are complex mixtures that
are often composed of more than 200 different compounds, many of which occur
only as minor constituents (Dudareva et al., 2006). Despite the enormous diversity
of existing volatile compounds that are released after herbivory, they can be di-
vided into four major classes, namely terpenoids (isoprenoids), green leaf volatiles,
phenylpropanoids or benzenoids and sulphur- or nitrogen-containing compounds
(Fig. 2.12) (Dudareva et al., 2006; Arimura et al., 2009; Mumm and Dicke, 2010).
Terpenoids, the largest family of VOCs, display a great structural variety.
Two distinct pathways, the cytosolic mevalonic acid pathway and the plastid-
bound methyl erythritol pathway, form the precursors from which all terpenoids
are derived (Cheng et al., 2007). Subsequently, those precursors are transformed
by a large family of terpene synthases to parent skeletons of the respective ter-
penes (Tholl, 2006). Finally, those skeletons are converted into a wide array
of terpenoids by transformations such as oxidations, isomerisations and conju-
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gations. Well known examples of terpenoid VOC are isoprene, monoterpenes
such as β − ocimene and linalool, sesquiterpenes such as β − caryophyllene and
β − farnesene and homoterpenes (e.g. DMNT and TMTT) (Arimura et al., 2004;
Ament et al., 2006; Loivamaeki et al., 2008).
Green leaf volatiles, 6–carbon alcohols and aldehydes, are derived from C18
fatty acids released from damaged membranes, deoxygenated by lipoxygenases
and cleaved by hydroperoxide lyases (Feussner and Wasternack, 2002; Matsui,
2006). Green leaf volatiles can have a multitude of physiological and ecological
functions, among which the attraction of predators and parasitoids (Reddy et al.,
2002; Kost and Heil, 2006; Heil and Silva Bueno, 2007).
Both phenylpropanoids and benzenoids are derived from the amino acid L-
phenylalanine but the biosynthetic pathway leading to these VOC remains unclear.
Within this class of VOC, methylsalicylate has been the centre of attention. This
compound can be released upon herbivory and play a role in the indirect defense
against herbivores.
In contrast to the three major classes of VOCs, which can be found throughout
the plant kingdom, sulphur- or nitrogen-containing compounds are often restricted
for certain plant taxonomic groups. The most prominent representatives are glu-
cosinolates and their hydrolysis products, which can serve as attractants or ovipo-
sition and feeding stimulants of carnivorous insects (Mumm et al., 2008; Hopkins
et al., 2009).

3
Role of plants for the mirid bug
Nesidiocoris tenuis
This chapter is based on:
De Puysseleyr, V., De Man, S., Ho¨fte, M. and De Clercq, P. (2013). Plantless
rearing of the zoophytophagous bug Nesidiocoris tenuis. BioControl, 58: 205–
213
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3.1 Introduction
Nesidiocoris tenuis (Fig. 3.1) is a common predatory mirid in the Mediterranean
area, where it contributes to the suppression of whiteflies, thrips, leafminers and
other small arthropod pests of tomato crops both in greenhouses and in the open
field. Although it is considered an effective biological control agent and it is cur-
rently widely commercialized, several authors reported that it can also damage
crops due to its zoophytophagous feeding habits (see section 2.1.2.5). In addition,
N. tenuis bugs also deposit their eggs into living and healty plant tissue, where
they complete their embryonic development (as described in 2.1.3.3). Whereas
much attention has been given to the damage potential of this predator, little is
known about the nutrients that are taken up from the plant nor about the complex
processes that take place between the insect eggs and the surrounding plant tissue.
In commercial mass production systems, mirid predators are usually main-
tained on fresh plants (e.g. tobacco) which are used as a living substrate, moisture
source and oviposition medium. In order to overcome the drawbacks associated
with the use of fresh plant materials, plantless rearing systems have been devel-
oped for several economically important mirid predators, including D. tamaninii
and M. caliginosus (see section 2.1.3.4). Until now, no one reported rearing N.
tenuis without plants for several generations.
In order to determine the effect of plants on life history traits of N. tenuis,
we subjected the predator to a plantless rearing system and compared biological
parameters of bugs that had no access to tomato plants with those of their coun-
terparts living on plants. In order to evaluate the potential of a plantless rearing
system for the mass production of N. tenuis, we compared the developmental and
reproductive parameters of bugs reared plantless during 5 generations with their
counterparts maintained on plants. The availability of a plantless rearing system
may contribute to making the large scale production of this and other zoophy-
tophagous predators more cost effective.
3.2 Materials & Methods
3.2.1 Predator colonies and experimental conditions
A laboratory stock colony on plants was established with 1500 N. tenuis adults
acquired from Koppert B.V. (Berkel en Rodenrijs, the Netherlands). The insects
were cultured in Plexiglas cylinders (9 cm in diameter, 3.5 cm high). Each cylinder
contained a tomato plant (L. esculentum cv. Moneymaker) and was placed on a
water reservoir in such a way that the roots of the plants were immersed in water.
The tomato plants were not fertilized during the experiments. Air vents screened
with fine-mesh nylon gauze provided ventilation. The bugs were fed with frozen
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Figure 3.1: Nesidiocoris tenuis adult
eggs of the Mediterranean flour moth E. kuehniella (also from Koppert B.V.) on
Mondays, Wednesdays and Fridays.
A second colony was set up in which predators were reared without plants or
plant parts. Nymphs were reared in plastic cylinders (10 cm in diameter, 4 cm
high) containing a piece of wax paper (Bonte and De Clercq, 2010) as a living
substrate and hemispherical domes filled with tap water as a source of moisture.
The water domes were produced using a diet encapsulation device (Analytical
Research Systems, Gainesville, Florida) and consisted of stretched Parafilm M R©
sealed with adhesive tape (Scotch R© 3M Packaging Super Tape). Insects were fed
with E. kuehniella eggs. Both flour moth eggs and water domes were replaced on
Mondays, Wednesdays and Fridays. Upon emergence, adults were also offered an
artificial oviposition substrate. The substrate was prepared using a diet encapsu-
lation device and consisted of stretched Parafilm domes (1.5 cm diameter, 1 cm
high) filled with moistened cotton and sealed with adhesive tape. Once a week the
oviposition substrates were replaced by new ones. The substrates containing eggs
were transferred to a new container for the eggs to hatch. The resulting nymphs
were reared as described above. Insect colonies were kept and experiments were
conducted in growth chambers at a temperature of 23 ± 1◦C, a relative humidity
of 70± 5% and a photoperiod of 16 : 8 (L:D) h.
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3.2.2 Influence of the plant on embryonic development
This experiment was conducted to compare the embryonic development of N.
tenuis eggs deposited in plant substrates (tomato leaves) with that of eggs de-
posited in artificial substrates. Mated female adults (7 − 14 days old) originating
from the laboratory colony on plants were transferred individually to plastic cups
(4 cm in diameter, 2.5 cm high) containing either a tomato leaf disc placed upside
down on an agar surface or an artificial oviposition substrate. After 6h, the insects
were removed and cups with leaf discs or artificial substrates were checked twice
daily for hatched nymphs in order to determine the incubation period. When all
eggs had hatched, the number of unhatched eggs was counted under a stereoscopic
microscope in order to determine the hatching percentage on both substrates.
3.2.3 Influence of the plant on nymphal development
Nymphal development can be influenced by the presence or absence of plants dur-
ing both the embryonic and nymphal stage. Two experiments were set up in which
the influence of two factors (embryonic substrate and nymphal substrate/water
source) on nymphal development parameters was evaluated.
In a first experiment, the influence of plants on nymphs having access to E.
kuehniella eggs was examined. Female adults (7 − 14 days old) originating from
the colony on plants were allowed to deposit eggs on tomato plants or artificial
oviposition substrates. Newly hatched nymphs (< 24h old) were then allowed to
develop on tomato plants or under artificial conditions (i.e. without plants). This
yielded 4 treatment groups: PP (nymphs hatched from and reared on plants); PA
(nymphs hatched from plants but reared without plants), AP (nymphs hatched from
artificial substrates but reared on plants) and AA (nymphs hatched from artificial
substrates and reared without plants). Nymphs reared artificially were transferred
to plastic cups (4 cm in diameter, 2.5 cm high) with a mesh-screened vent hole
in the lid (2 cm in diameter). Each cup contained a wax paper substrate and 4
water domes. These domes were replaced on Mondays, Wednesdays and Fridays.
Bugs having access to plant material were reared individually in Plexiglas cages (5
cm in diameter, 4 cm high) containing a fifteen-day-old tomato plant. The cages
were placed on a water reservoir in such a way that the roots of the tomato plant
were immersed in water. Air vents screened with fine-mesh nylon gauze provided
ventilation. Pritt Poster Buddies (Pritt, Du¨sseldorf, Germany) were used to seal
the containers. Plants were replaced every week. All nymphs were offered E.
kuehniella eggs ad libitum on Mondays, Wednesdays and Fridays. Development
and survival of nymphs was monitored daily and resulting adults were weighed at
emergence on a Sartorius Genius balance type ’ME215P’ with 0.01 mg precision
(Sartorius, Goettingen, Germany).
Second, we tested the influence of plants on N. tenuis nymphs having no ac-
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cess to insect prey. Female adults (7 − 14 days old) originating from the colony
on plants were allowed to deposit eggs on tomato plants. Newly hatched nymphs
(< 24h old) were allowed to develop on tomato plants or under artificial con-
ditions (as described in the previous experiment), with or without E. kuehniella
eggs. Development and survival of nymphs was monitored daily in the 4 treatment
groups.
3.2.4 Influence of the plant on reproduction
In order to determine the impact of the plant on the reproduction of N. tenuis, an
experiment was set up with 3 treatments. Fifth-instar nymphs originating from
the colony on plants (treatment PP) or reared plantless for a single generation
(treatment AP and AA) were isolated. Resulting newly emerged adults (< 24h
old) were weighed, paired and transferred to individual containers (4 cm diameter,
2.5 cm high) with either a tomato leaf disc on agar (treatment PP and AP) or
an artificial oviposition substrate (treatment AA). After 7 days, each female was
dissected in order to count the oocytes in the ovaries (Vandekerkhove et al., 2006).
The leaf discs and artificial oviposition substrates were examined for deposited
eggs under a stereoscopic microscope.
3.2.5 Influence of prolonged plantless rearing on developmen-
tal and reproductive fitness
The objective of the final experiment was to determine the effect of prolonged
plantless rearing on development and reproduction of N. tenuis fed on E. kuehniella
eggs. For this purpose, we compared developmental and reproductive parameters
of predators reared plantless for 5 generations with those of their counterparts that
always had access to plants.
Newly hatched nymphs (< 24h old) were taken out of both the laboratory
colony on plants and the colony that had been maintained without plants (5th gen-
eration). Nymphs taken from the plantless culture were transferred to plastic cups
(4 cm in diameter, 2.5 cm high) with a mesh-screened vent hole in the lid (2 cm
in diameter). Each cup contained a wax paper substrate and 4 Parafilm domes
filled with tap water. Water domes were replaced on Mondays, Wednesdays and
Fridays. Nymphs originating from the colony on plants were reared individually
in Plexiglas containers (5 cm in diameter, 4 cm high) containing a fifteen-day-old
tomato plant. The containers were placed on a water reservoir in such a way that
the roots of the plants were immersed in water. Air vents screened with fine-mesh
nylon gauze provided ventilation. Pritt Poster Buddies (Pritt, Du¨sseldorf, Ger-
many) were used to seal the containers. Plants were replaced every week. All
nymphs were offered E. kuehniella eggs ad libitum on Mondays, Wednesdays and
Fridays. Development and survival of nymphs was monitored daily and resulting
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adults were weighed at emergence on a Sartorius Genius balance type ’ME215P’
with 0.01 mg precision.
Freshly emerged adults from both colonies (5th generation) were paired and
transferred to a container (4 cm in diameter, 2.5 cm high) with either a tomato leaf
disc on agar (colony on plants) or an artificial oviposition substrate (colony reared
plantless) where they were allowed to deposit eggs during 7 days. After 7 days, the
females were dissected in order to count the oocytes in the ovaries. The leaf discs
and artificial oviposition substrates were examined for eggs under a stereoscopic
microscope.
3.2.6 Statistical analysis
In order to compare means of two normally distributed populations, two different
tests were used. If the variances of the two populations were equal (tested with
Levene statistics), means were separated with a two-sample t-test. In case of het-
eroscedasticity, a Welch-modified two-sample t-test was used. A Kruskal-Wallis
one-way ANOVA was used to compare means of more than 2 samples originating
from populations that were not distributed normally. Data were subjected to two-
way ANOVA analysis in order to determine the effect of 2 independent factors on
the dependent continuous variable. Survival and egg-laying rates were compared
by means of a logistic regression. This regression is a generalized linear model
using a probit (log odds) link and a binomial error function. P-values below 0.05
were considered significant. All data were analysed using SPPS 16.0 (SPSS Inc.,
2008).
3.3 Results
3.3.1 Influence of the plant on embryonic development
The incubation time of eggs embedded in leaf discs averaged 214±1h (mean±SE,
n = 141) and was significantly shorter than that of eggs deposited in artificial
oviposition substrates (223±1h, n = 167) (two-sample t-test with equal variances;
t = −6.712, df = 306, p < 0.005). Moreover, only 61% of the eggs deposited
in artificial oviposition substrates developed successfully, whereas the hatching
percentage on leaf discs was 81%. We observed that mainly eggs which were
not deposited deep enough into the substrate failed to reach the red eye stage and
hatch.
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Table 3.1: Influence of oviposition substrate and nymphal substrate/water source on
developmental parameters of N. tenuis when fed on E. kuehniella eggs
Treatment Survival Developmental time Adult weight (mg)
(%) (days) ♂ ♀
PP 95± 3a 14.7± 0.1a 1.30± 0.04a 1.72± 0.04a
(40) (38) (18) (20)
AP 98± 2a 14.6± 0.1a 1.30± 0.03a 1.66± 0.04a
(40) (39) (19) (20)
PA 90± 5a 14.3± 0.1a 1.19± 0.02b 1.51± 0.03b
(39) (35) (17) (18)
AA 92± 4a 14.6± 0.1a 1.19± 0.02b 1.57± 0.02b
(39) (36) (13) (23)
Means (±SE) within a column followed by the same letter are not significantly different.
Means were separated using logistic regression (survival) or by a Tukey test (developmental
time and adult weight). The number of observations for each parameter is given in parentheses
3.3.2 Influence of the plant on nymphal development in the
presence of prey
The results of this experiment are presented in Table 3.1. Two-way ANOVA indi-
cated that there was no interaction between the two factors included in the model
(see Table 3.2). The substrate in which the eggs were embedded during embryoge-
nesis had no influence on the nymphal development rate and weight of the resulting
adults. In contrast, the nymphal substrate/water source did affect the body weight
of both adult males and females, with adults being significantly heavier when they
had access to plant material during their nymphal period.
3.3.3 Influence of the plant on nymphal development in the ab-
sence of prey
Only 3% of N. tenuis nymphs were able to complete their development on plant
material in the absence of prey (see Table 3.3). None of the nymphs having ac-
cess to an artificial water source only developed beyond the second instar. In the
absence of prey, nymphs survived significantly longer on plants (10.4± 1.3 days,
n = 40) than on artificial substrates and water sources (3.3 ± 0.3 days, n = 36)
(Welch modified two-sample t-test; t = 5.362, df = 43, p < 0.005)
3.3.4 Influence of the plant on reproduction
The absence of plants during both the nymphal and adult stage did not have an ef-
fect on the numbers of eggs deposited in the substrate or on the number of oocytes
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Table 3.2: Two-way ANOVA results indicating the influence of the oviposition sub-
strate (sub.) and nymphal substrate/water source on developmental times and adult
weights of N. tenuis when fed on E. kuehniella eggs
Source Developmental time Adult weight♂ ♀
df 1, 145 1, 64 1, 78
Oviposition sub. F 0.447 0.061 0.019
p 0.505 0.805 0.890
df 1, 145 1, 64 1, 78
Nymphal sub. + water source F 2.395 11.797 17.634
p 0.124 < 0.005 < 0.005
Oviposition sub. df 1, 144 1, 63 1, 77
x F 3.184 < 0.005 3.409
Nymphal sub. + water source p 0.076 0.965 0.069
Table 3.3: Survival ± SE (%) of different nymphal instars of N. tenuis
offered water domes or tomato plants with and without E. kuehniella eggs
Water domes Tomato plants
Without prey With prey Without prey With prey
N1 25± 7 95± 3 70± 7 100
N2 3± 3 95± 3 40± 8 95± 3
N3 − 95± 3 33± 7 93± 4
N4 − 95± 3 20± 6 93± 4
N5 − 95± 3 3± 2 93± 4
Total − 95± 3 3± 2 93± 4
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present in the ovaries of females after 7 days (see Table) (Kruskal-Wallis one-
way ANOVA; total egg count: χ2 = 2.093, df = 2, p = 0.351 ; oocyte count:
χ2 = 2.454, df = 2, p = 0.293). However, the preoviposition period was sig-
nificantly shorter when the predators had access to plant material (Kruskal-Wallis
one-way ANOVA; χ2 = 44.014, df = 2, p < 0.005).
3.3.5 Influence of prolonged plantless rearing on developmen-
tal and reproductive fitness
Developmental and reproductive parameters of bugs originating from both the
colony reared plantless for 5 generations and the control colony on plants are pre-
sented in Table 3.4. Body weights of male predators reared artificially were sig-
nificantly lower than those of their counterparts that had access to plant material
(two-sample t-test with equal variances; t = 2.112, df = 34, p = 0.041). Other
developmental parameters were not affected by the absence of plants (two-sample
t-test with equal variances; developmental time: t = 0.184, df = 66, p = 0.8545;
adult weight females: t = 1.171, df = 30, p = 0.251).
Oocyte counts and numbers of oviposited eggs were not significantly differ-
ent between the two groups (Welch modified two-sample t-test; oocyte counts:
t = 1.106, df = 36, p = 0.276; total egg count: t = −1.226, df = 39, p = 0.228).
In contrast, the preoviposition period of females having no access to plant mate-
rial was significantly longer than that of their counterparts reared on plants (two-
sample t-test with equal variances; t = −7.377, df = 43, p < 0.005).
3.4 Discussion
Plants fulfil several roles throughout the lifecycle of N. tenuis and of other zoophy-
tophagous species of the Miridae family. They function as an egg-laying substrate
and can also serve as a source of moisture and supplementary nutrients for these
predatory heteropterans (Coll, 1998; Coll and Guershon, 2002; Wheeler, 2001).
In order to understand the role of the plant during embryogenesis, we com-
pared the development of N. tenuis eggs deposited in plant tissue with that of those
inserted into an artificial substrate containing an inert material and water only.
Eggs embedded in the artificial substrate took more time to hatch and the hatch-
ing success was lower. However, the biological parameters of the nymphs that
successfully hatched from this artificial substrate were not different from those
of nymphs that had emerged from plants. Above observations suggest that no
essential nutrients, besides water, are taken up from the oviposition substrate dur-
ing embryogenesis. The longer incubation time and lower hatching success on
artificial oviposition substrates are likely related to the suboptimal design of the
substrate. It is hypothesized that improperly inserted eggs cannot adequately ab-
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Table 3.4: Developmental and reproductive parameters of N. tenuis reared plantless or
maintained on plants for 5 generations
Treatment Survival Developmental time Adult weight (mg)
(%) (days) ♂ ♀
Rearing 97± 3a 15.4± 0.1a 1.28± 0.03a 1.62± 0.04a
on plants (35) (34) (14) (20)
Plantless 94± 4a 15.4± 0.1a 1.20± 0.02b 1.55± 0.06a
rearing (36) (34) (22) (12)
Treatment % Egg lay- Preoviposition No. of ovi- Oocyte
ing females period (days) posited eggs counts
Rearing 100a 2.2± 0.1a 29.4± 3.4a 12.9± 0.6a
on plants (20) (20) (20) (20)
Plantless 96± 4a 3.3± 0.1b 34.8± 2.8a 12.2± 0.4a
rearing (25) (25) (25) (25)
Means (±SE) within a column followed by the same letter are not significantly different. Means were
separated using logistic regression (survival and % egg-laying females), two-sample t-test with equal
variances (developmental time) or Welch modified two-sample t-test (adult weight, preoviposition
period, no. of oviposited eggs and oocyte counts). The number of observations for each parameter is
given in parentheses.
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sorb water and are prone to dehydration. Therefore, further optimization of the egg
laying substrate, especially in terms of its physical characteristics, should improve
its practical value for production purposes.
Several authors have reported on plant feeding by N. tenuis but its function
and relation to prey feeding are poorly understood (Arno´ et al., 2010; Calvo et al.,
2009; Perdikis et al., 2009; Sanchez, 2008, 2009). In a preliminary experiment,
N. tenuis nymphs did not survive longer than 4 days on a diet consisting of E.
kuehniella eggs alone (De Puysseleyr, unpublished), suggesting that supplement-
ing a diet of animal prey with plants or a source of free water is needed to allow
complete development. This finding indicates that a basal level of plant feeding
is necessary to provide water to sustain vital functions in N. tenuis. As described
in 2.1.2.4, feeding on leaves to obtain plant juices or access to free water has also
been reported to be essential for D. hesperus. When latter species was solely fed on
prey, only 6% of the nymphs successfully completed their development (Gillespie
and McGregor, 2000).
Eggs of the Mediterranean flour moth E. kuehniella have been found to be a nu-
tritionally superior food source for different insect predators. When supplementing
a diet of flour moth eggs with plants, nymphal survival, developmental rates and
fecundity of N. tenuis did not differ from those of predators given access to water
only. However, the adult weight of bugs which had no access to plants was inferior
to that of those supplementing their prey diet with plants. These findings indicate
that when high quality prey is available the primary function of plant feeding in N.
tenuis is the acquisition of water but supplementary nutrients derived from plants
may have a positive effect on the predator’s fitness. Several studies have shown the
positive impact of plants on life history traits of zoophytophagous bugs. Gillespie
and McGregor (2000) reported that D. hesperus nymphs had shorter development
times when given access to leaves than when their prey diet was supplemented
with water only. Adult weight of O. laevigatus bugs supplied with a sharp pepper
seedling in addition to their prey diet was significantly higher than that of their
counterparts given access to water only (Bonte and De Clercq, 2010). Macrolo-
phus pygmaeus nymphs provided with plant material and E. kuehniella eggs had
shorter development times and a higher adult weight as compared with nymphs
that were fed water and insect eggs (De Puysseleyr, 2007; Vandekerkhove, 2010).
In contrast, developmental and reproductive parameters of G. punctipes supplied
with bean pods in addition to their insect egg diet were not different from those of
predators given water in addition to prey (Cohen and Debolt, 1983).
On a mere plant diet, approximately one third of the tested nymphs completed
the third instar. In contrast, no nymphs were able to reach this instar when pro-
vided with water only. Similar results have been obtained by Urbaneja et al.
(2005). Moreover, in the absence of prey, nymphs feeding on plants survived 3
times longer than those having access to water only. These findings suggest that
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plants are a suboptimal food source compared to arthropod prey, but that N. tenuis
can extract supplementary nutrients from plants, besides water, to temporarily sus-
tain themselves when prey are scarce or absent.
In the present study, we showed that N. tenuis could be reared without plants
during a single generation albeit with a prolonged embryogenesis (+4%), reduced
hatching rate (−20%), decreased adult weight (−9%) and a prolonged preovipo-
sition period (+75%). However, Thompson (1999) pointed out that it may be
necessary to rear insects during several generations for losses in fitness due to a
suboptimal rearing system to be completely revealed. Therefore, we compared the
biological parameters of bugs reared plantless for 5 generations with those of a
control group having continuous access to tomato plants. After 5 generations of
plantless rearing, it still took longer for females to start laying eggs on the artifi-
cial substrate than for those on plants (+50%). However, more than 90% of the
bugs had initiated oviposition on the artificial substrate after 7 days and, in agree-
ment with results from the first generation, the total number of deposited eggs did
not differ from that on plants. Plantless rearing during 5 generations resulted in
adults with somewhat lower adult body weights (ca. 6% for males and 4% for
females) but other biological parameters were not affected. Our small scale labo-
ratory experiments indicate that prolonged plantless rearing of N. tenuis is possi-
ble provided that E. kuehniella eggs are offered as food. However, more research
is needed to assess the feasibility of a plantless mass production system for this
predator. Further research can also reveal which components are responsible for
the positive effect of plants on the predator’s fitness. Enriching the water domes
with these components may thus prove useful to further improve the performance
of the predator in a plantless production system. Interestingly, Urbaneja-Bernat
et al. (2013) reported that the addition of sucrose to a diet of E. kuehniella in-
creased fecundity of N. tenuis and reduced the number of E. kuehniella eggs con-
sumed, allowing to reduce production cost. More work is also needed to optimize
the oviposition substrate in order to improve its attractiveness to females and the
hatching success of eggs.
4
Role of plants for the predatory
anthocorid Orius laevigatus
This chapter is based on:
De Puysseleyr, V., Ho¨fte, M. and De Clercq, P. (2013) Continuous rearing of the
predatory anthocorid Orius laevigatus without plant materials. Journal of Applied
Entomology, doi: 10.1111/jen.12063
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4.1 Introduction
The omnivorous predator O. laevigatus is widely used as a commercial biological
control agent of thrips and other arthropod pests in protected cultivation (Cham-
bers et al., 1993; van Lenteren, 2012). Although Orius spp. are effective preda-
tors in protected cultivation, they are relatively expensive to mass rear. In com-
mercial mass production systems, this anthocorid is mainly produced on eggs
of the Mediterranean flour moth E. kuehniella, in some cases in a mixture with
Artemia cysts or eggs of Sitotroga cerealella (Olivier) (Lepidoptera: Gelechiidae).
Whereas the E. kuehniella eggs are a nutritionally optimal factitious food, their
production cost has remained high leading to market prices of up to US$500/kg
(K. Bolckmans, Koppert BV, 2013, personal communication). Moreover, in most
commercial insectaries O. laevigatus is still maintained on fresh plant materials
(like green beans) which are used for oviposition and supplementary feeding (K.
Bolckmans, Koppert BV and J. Vermeulen, Biobest NV, 2013, personal commu-
nications). As described in 2.1.3.4, the use of plants in production systems for
beneficial insects has some major drawbacks.
Several authors have described alternative foods and artificial diets for Orius
bugs (Zhou and Wang, 1989; Arijs and De Clercq, 2001; Ferkovich and Shapiro,
2005; Arijs and De Clercq, 2004; Bonte and De Clercq, 2008, 2010). However,
less attention has been given to the development of plantless rearing systems for
these anthocorid predators. Several workers proposed artificial moisture sources,
and living and oviposition substrate for Orius spp. (Shimizu and Hagen, 1967;
Castan˜e´ and Zalom, 1994; Richards and Schmidt, 1996; Shapiro and Ferkovich,
2006; Bonte and De Clercq, 2010; Thomas et al., 2012). Whereas some of the
above workers reported oviposition of viable eggs by Orius spp. in artificial ovipo-
sition substrates (Castan˜e´ and Zalom, 1994; Shapiro and Ferkovich, 2006), none
have succeeded in rearing these anthocorids without plants for several generations.
Plants fulfil several roles throughout the life cycle of Orius bugs. They function
as an egg-laying substrate but also serve as a source of moisture and supplementary
nutrients (Coll, 1996; Lattin, 1999). Using radiolabeling experiments, Armer et al.
(1998) showed that O. insidiosus adults are able to obtain water from the xylem of
soybean plants. Several authors suggest that, besides water, several other nutrients
are taken up from plant materials. Lundgren et al. (2008) reported that neonate
O. insidiosus were able to feed on nutritious phloem, allowing them to survive
on plant materials for several days. Moreover, O. insidiosus adults were observed
to feed on the mesophyll of soybean plants thereby ingesting small amounts of
sugars, starches and amino acids (Armer et al., 1998).
The omission of plant materials from a rearing system requires the availability
of an artificial living substrate, moisture source and oviposition substrate. In this
chapter, we developed a plantless rearing system consisting of wax paper, Parafilm
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domes filled with tap water and an oviposition substrate made of Parafilm, cotton
wool and water. We compared the biological parameters of bugs reared without
plants for 1 and 4 generations with their counterparts maintained on plants. Fur-
ther, we assessed the predation capacity of O. laevigatus females on second instars
of F. occidentalis after 4 generations of plantless rearing.
4.2 Materials & Methods
4.2.1 Predator colonies
A laboratory stock colony of O. laevigatus was initiated with insects acquired from
Biobest NV (Westerlo, Belgium). The insects were cultured in Plexiglas cylinders
(9 cm in diameter, 3.5 cm high). Each cylinder contained a sharp pepper plant (C.
annuum L. cv. Cayenne Long Slim) and was placed on a water reservoir in such a
way that the roots of the plants were immersed in water. Air vents screened with
fine-mesh nylon gauze provided ventilation. The bugs were fed with frozen eggs
of E. kuehniella on Mondays, Wednesdays and Fridays.
A second colony was set up in which predators were reared without plants.
Rearing conditions were similar to those described in 3.2 except for the replace-
ment and treatment of the oviposition substrates. Whereas those substrates were
replaced only once a week for the mirid predator N. tenuis, they had to be replaced
twice a week for O. laevigatus. Moreover, the substrates containing eggs were cut
open 5 days after the start of oviposition in order to allow the hatching nymphs
to escape. In this manner, 4 generations of O. laevigatus were obtained in the
complete absence of plant material.
Insect colonies were kept and experiments were conducted in growth chambers
at a temperature of 23± 1◦C, a relative humidity of 70± 5% and a photoperiod of
16 : 8 (L:D) h.
4.2.2 Influence of prolonged plantless rearing on developmen-
tal and reproductive fitness
In this experiment, developmental and reproductive parameters of predators reared
without plant materials during 1 and 4 generations were compared with those of
their counterparts that had access to plant material.
Newly hatched nymphs (< 24h old) from the plantless rearing group (G1 and
G4) were transferred to plastic cups (4 cm in diameter, 2.5 cm high) with a mesh-
screened vent hole in the lid (2 cm in diameter). Each cup contained a wax paper
substrate and 4 Parafilm domes filled with tap water. Water domes were replaced
on Mondays, Wednesdays and Fridays.
Nymphs originating from the colony on plants were reared individually in
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Plexiglas containers (5 cm in diameter, 4 cm high) containing a 15-day-old sharp
pepper plant. The containers were placed on a water reservoir in such a way that
the roots of the plants were immersed in water. Air vents screened with fine-mesh
nylon gauze provided ventilation. Pritt Poster Buddies (Henkel, Du¨sseldorf, Ger-
many) were used to seal the containers. Plants were replaced every week. Nymphs
were offered E. kuehniella eggs ad libitum on Mondays, Wednesdays and Fridays.
Development and survival of nymphs was monitored daily and resulting adults
were weighed at emergence on a Sartorius Genius balance type ’ME215P’ with
0.01 mg precision (Sartorius, Goettingen, Germany).
Freshly emerged adults (< 24h old) from the control treatment on plants were
then paired and transferred to individual containers (9 cm in diameter, 3.5 cm high)
containing a sharp pepper plant (1 month old). Similarly, adult pairs originating
from the plantless rearing group (G1 and G4) were transferred to a container (4
cm in diameter, 2.5 cm high) furnished with an artificial oviposition substrate.
Females were allowed to oviposit during 7 days, after which they were dissected
in order to determine weighted oocyte counts following the methods described
by Bonte and De Clercq (2008). This method has been shown to yield a reliable
prediction of fecundity in several Orius spp. (Bonte and De Clercq, 2008, 2010;
Bonte et al., 2012). The plants and artificial oviposition substrates were examined
for eggs daily in order to determine the preoviposition period.
4.2.3 Influence of prolonged plantless rearing on predation ca-
pacity
The objective of this experiment was to determine the impact of prolonged plant-
less rearing on the predation capacity of O. laevigatus adults as compared with
their counterparts that had been maintained on plants.
Fifty fifth-instar nymphs originating from the stock colony on plants were
placed in individual containers (5 cm in diameter, 4 cm high) with a sweet pepper
seedling (C. annuum L. cv. California Wonder). Likewise, 50 fifth instars from
the 1st and 4th generation maintained without plants were transferred to individ-
ual plastic cups (4 cm in diameter, 2.5 cm high) containing a wax paper and water
domes. Nymphs were provided with E. kuehniella eggs ad libitum and were al-
lowed to develop to the adult stage for testing. In each treatment, twenty 3 − 4
day-old virgin females were randomly chosen and starved for 24h. Subsequently,
the predators were transferred individually to a plastic cup (4 cm in diameter, 2.5
cm high) containing a sweet pepper leaf (placed upside down on a layer of agar)
infested with 30 second instars of F. occidentalis. In order to check natural mortal-
ity of F. occidentalis in the absence of O. laevigatus, 30 containers containing 30
thrips each were set up as a control treatment. After 24h the number of dead and
live thrips were counted. Data from predators that died during the 24h test period
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were omitted from the analysis.
4.2.4 Statistical analysis
A one-way analysis of variance (ANOVA) was conducted on developmental pa-
rameters. Means were separated using Tukey’s test. Reproductive parameters and
predation rates were analyzed using a Kruskal-Wallis rank sum test as the data
were not normally distributed. Afterwards, means were separated using a Mann-
Whitney U test with Bonferroni correction. P-values below 0.05 were considered
significant. All data were analyzed using SPSS 16.0 (SPSS Inc., 2008)
4.3 Results
4.3.1 Influence of prolonged plantless rearing on developmen-
tal and reproductive fitness
Developmental and reproductive parameters of bugs originating from both the
colony reared without plant materials (for 1 and 4 generations) and the control
colony on plants are presented in Table 4.1. Table 4.2 shows the results of one-
way ANOVA and Kruskal-Wallis tests assessing the effect of plantless rearing on
these parameters.
In all treatment groups, 91.8 − 92.6% of the tested individuals survived to
the adult stage. Developmental times of nymphs and body weights of adults that
were reared plantless for a single generation did not differ from those of their
counterparts having access to sharp pepper seedlings (Tukey test; developmental
time males: p = 0.968, developmental time females: p = 0.999, adult weight
males: p = 0.061, adult weight females: p = 0.402). In contrast, plantless rearing
during 4 generations resulted in a shorter developmental time for male predators
and a lower body weight of female predators compared to bugs maintained on
plants (Tukey test; developmental time males: p = 0.038, developmental time
females: p = 0.127, adult weight males: p = 0.265, adult weight females: p =
0.011).
Whereas all females maintained on plant materials produced eggs, 85.7% and
90.4% of the females reared without plants for 1 and 4 generations, respectively,
oviposited. The preoviposition period was significantly longer for females that had
no access to plant material compared to their counterparts ovipositing on sweet
pepper plants (Mann-Whitney U test; after 1 generation: p < 0.005; after 4 gener-
ations: p < 0.005). Total egg and oocyte counts were not affected by the absence
of plant material (see Table 4.2).
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Table 4.1: Developmental and reproductive parameters of O. laevigatus reared with or
without plants for 1 and 4 generations
Treatment Survival Developmental time (days)
(%) ♂ ♀
Rearing on plants 93± 4 (54) 12.0± 0.1a (28) 11.9± 0.1a (22)
Plantless rearing G1 92± 4 (61) 12.0± 0.1a (32) 11.9± 0.1a (24)
Plantless rearing G4 92± 3 (64) 11.6± 0.1b (29) 11.6± 0.1a (30)
Treatment Adult weight (mg) % Egg laying♂ ♀ females
Rearing on plants 0.41± 0.01a (28) 0.54± 0.02a (22) 100 (21)
Plantless rearing G1 0.38± 0.01a (32) 0.51± 0.01ab (24) 86± 7 (28)
Plantless rearing G4 0.39± 0.01a (29) 0.48± 0.01b (30) 90± 6 (21)
Treatment Preoviposition No. of ovi- Oocyte
period (days) posited eggs counts
Rearing on plants 2.6± 0.1a (21) 14.9± 1.2a (21) 10.8± 0.6a (21)
Plantless rearing G1 3.8± 0.2b (24) 11.6± 1.4a (24) 12.2± 0.4a (24)
Plantless rearing G4 3.4± 0.2b (19) 13.9± 1.2a (19) 11.9± 0.5a (19)
Means (±SE) within a column followed by the same letter are not significantly different. Means were
separated using Tukey’s test (developmental time and adult weight) or a Mann-Whitney U test with
Bonferroni correction (preoviposition period, no. of oviposited eggs and oocyte counts). The number
of observations for each parameter is given in parentheses.
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Table 4.2: One-way ANOVA and Kruskal-Wallis rank
sum test results for nymphal development and reproduc-
tion of O. laevigatus with and without plants for 1 and 4
generations
Parameter F/χ2 df p
Developmental time♂ 4.765 2, 86 0.011♀ 2.843 2, 73 0.065
Adult weight♂ 2.744 2, 86 0.070♀ 4.479 2, 73 0.015
Preoviposition period 20.656 2 < 0.005
No. of oviposited eggs 3.169 2 0.205
Oocyte counts 2.845 2 0.241
Values given for developmental time and adult weight are
F-values (ANOVA), values given for preoviposition period,
no. of oviposited eggs and oocyte counts are χ2-values
(Kruskal-Wallis test)
4.3.2 Influence of prolonged plantless rearing on predation ca-
pacity
The results of this experiment are presented in Table 4.3. In contrast to the outcome
of the previous experiment, body weight of adult females before starvation was
not influenced by the rearing system (One-Way ANOVA; F = 2.647, df = 2, 60,
p = 0.079). Since the mortality rate of F. occidentalis second instars in the control
treatment did not exceed 5%, no correction for natural thrips mortality was done.
Bugs reared plantless for 1 or 4 generations killed as many thrips larvae as females
having access to plant material (Kruskal-Wallis rank sum test; χ2 = 2.152, df = 2,
p = 0.341).
4.4 Discussion
Whereas Bonte and De Clercq (2010) developed an artificial living substrate (wax
paper) and moisture source (water domes), they did not dispose of an artificial
oviposition substrate for O. laevigatus and still needed sharp pepper plants to allow
oviposition. We modified their rearing system by using an artificial oviposition
substrate consisting of Parafilm, cotton wool and water and succeeded in rearing
this omnivorous predator for several generations in the absence of plant material.
The absence of plants did not affect nymphal survival: in all treatments, at least
90% of nymphs reached adulthood. Similar survival rates were reported by Bonte
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Table 4.3: Body weight and predation rate on F. occidentalis sec-
ond instars by O. laevigatus females reared on E. kuehniella eggs
with or without plants for 1 and 4 generations
Treatment n Weight (mg) Predation rate
Rearing on plants 19 0.50± 0.01a 18.6± 1.0a
Plantless rearing G1 23 0.51± 0.01a 19.8± 1.0a
Plantless rearing G4 21 0.47± 0.01a 19.5± 0.9a
Means (±SE) within a column followed by the same letter are not signif-
icantly different (Tukey’s test (weight) or a Mann-Whitney U test with
Bonferroni correction (predation rate); p < 0.05
and De Clercq (2010). After 4 generations of plantless rearing, however, body
weight of female bugs was about 11% lower than that of bugs having continuous
access to plant material. For male predators, a similar trend was observed but the
difference was not significant. Likewise, Bonte and De Clercq (2010) reported that
O. laevigatus adults provided with water domes instead of plants during their de-
velopment, were significantly lighter (females: −9.1% ; males: −14%). However,
whereas the latter workers observed an effect on adult body weight already in the
first generation of plantless rearing, we could not detect a difference at that time.
Nymphs from the 1st generation of plantless rearing had similar developmen-
tal times as those of the control rearing system using sharp pepper seedlings. In
contrast, Bonte and De Clercq (2010) reported that the absence of plant materials
resulted in prolonged development for both male (+11.4%) and female (+9.3%)
predators. This discrepancy could be due to a different experimental setup. In the
study by Bonte and De Clercq (2010) nymphs hatched from sharp pepper plants,
after which they were transferred to a plantless rearing system using water domes.
Adaptation to feeding on water domes may have delayed development in the latter
study. After 4 generations of plantless rearing in the present study, developmen-
tal time of male predators was significantly shorter than that of their counterparts
reared on plants, whereas for female predators this trend could not be proved sta-
tistically.
The effect of supplementary plant feeding (as compared to free water) on de-
velopmental parameters of zoophytophagous heteropterans differs among species.
Overall, adult weight of predators given access to plant material is significantly
higher than that of bugs supplementing their diet of insect prey with water only. As
described in Chapter 3, plantless rearing of the mirid N. tenuis during 5 generations
resulted in adults with somewhat lower adult body weights (ca. 6% for males and
4% for females). Similarly, adult weight of another mirid predator, M. pygmaeus,
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was significantly reduced after 7 generations without access to plant material (ca.
9% for males and 4% for females) (De Puysseleyr, 2007). In contrast, Cohen and
Debolt (1983) reported that the weight of G. punctipes adults supplementing their
diet of H. zea eggs with water did not differ from that of conspecifics having access
to grean beans in addition to their prey diet.
The effect of plantless rearing on developmental time also varies among species.
For some predators (like M. pygmaeus and D. hesperus), the absence of plants
resulted in a delayed development while for others (including N. tenuis and G.
punctipes) no difference could be detected between bugs that were reared plant-
less and those having access to plant material (Cohen and Debolt, 1983; Gillespie
and McGregor, 2000; De Puysseleyr, 2007).
In all above mentioned studies, lepidopteran eggs were provided as prey during
nymphal development. Possibly, the benefits of plant feeding are relatively minor
when predators are fed high-quality prey like insect eggs. However, supplemental
plant feeding could be more advantageous when the predators only have access
to low-quality prey or artificial diets. Castan˜e´ and Zapata (2005) succeeded in
rearing M. caliginosus during 5 generations on a meat-based diet with moistened
dental cotton rolls as a source of water, rather than using plant materials. However,
nymphal developmental time increased with 44% for males and 50% for females
compared to bugs supplied with E. kuehniella eggs and tobacco leaves.
As Orius bugs insert their eggs in plant tissues, there is a need for an artificial
oviposition substrate in a plantless rearing system. As described in 2.1.3.4, several
artificial oviposition substrates have been proposed for anthocorid predators. The
oviposition substrate used in this chapter was modified from a substrate proposed
by Constant et al. (1996a) for mirid predators. This artificial substrate proved
suitable also to allow oviposition by O. laevigatus. Whereas we noted a prolonged
preoviposition period on the artificial substrate, the number of oviposited eggs
and oocyte counts after 8 days were not significantly different from those of bugs
having access to plant material. Likewise, oviposition of N. tenuis females was
delayed by 1.5 days when offered an artificial oviposition substrate. Like in O.
laevigatus, the absence of plants did not have a negative effect on the number of
eggs present in the ovarioles or deposited in the substrate by N. tenuis (see Chapter
3).
The oviposition substrate used in the present study consisted of easily avail-
able components and its preparation could be mechanized using an encapsulation
apparatus. However, a major practical drawback is that the Parafilm layer of the
substrates had to be cut open as soon as the eggs started to hatch in order to allow
the first instars to escape. As the eggs did not attach to the Parafilm layer, they
were deposited completely below the Parafilm surface precluding escape of the
hatched nymphs. Similar findings were reported by others using various ovipos-
tion substrates Shimizu and Hagen (1967); Richards and Schmidt (1996); Shapiro
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and Ferkovich (2006). While manually opening substrates with eggs is not an ob-
stacle for small scale rearing purposes, it is obviously highly impractical for mass
rearing systems.
Females from the 4th generation of the plantless rearing system showed similar
predation rates on F. occidentalis larvae compared to their counterparts reared on
plant material indicating that the ability to find and kill insect prey on a leaf surface
was not affected by the elimination of plants from the rearing system. Likewise,
Castan˜e´ and Zapata (2005) succeeded in rearing 7 generations of M. caliginosus
using Parafilm-wrapped dental cotton rolls artificial oviposition substrate and diet,
without any detrimental effects on the bug’s predation abilities. Vandekerkhove
et al. (2011) also reported that M. pygmaeus females, reared plantless for over
30 generations, killed similar numbers of prey as their peers maintained on plant
materials.
In conclusion, the omnivorous predator O. laevigatus could be reared for con-
secutive generations without plants and on E. kuehniella eggs with only minor
effects on its development and reproduction. However, we produced only 4 gen-
erations of O. laevigatus based on our plantless rearing system, after which the
rearing was discontinued. The obtained results should be interpreted with caution
as deleterious effects may only become fully expressed after more generations of
continuous plantless rearing. Further optimization of this plantless rearing sys-
tem could improve its suitability for mass production purposes. More research is
needed to develop artificial oviposition substrates with suitable physical qualities
allowing proper insertion of the eggs by Orius females and easy hatching of the
nymphs. Also the attractiveness of the oviposition substrate for the females could
be improved by incorporating plant extracts as cues to elicit oviposition behaviour.
For instance, Constant et al. (1996a) reported that spraying their substrate with
leaf extract of I. viscosa increased the oviposition of M. caliginosus from 1.2 to
1.6 eggs/female/day. Likewise, Iriarte and Castan˜e´ (2001) used Parafilm-wrapped
dental cotton rolls dipped in green bean extract as oviposition substrates for the
latter mirid.
5
Impact of the anthocorid predator
Orius laevigatus on plants
This chapter is based on:
De Puysseleyr, V., Ho¨fte, M. and De Clercq, P. (2011). Ovipositing Orius lae-
vigatus increase tomato resistance against Frankliniella occidentalis feeding by
inducing the wound response. Arthropod-Plant Interactions, 5: 71-80
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5.1 Introduction
As described in Chapter 2, plants are ecquipped with inducible defenses activated
upon attack by its enemies. During the long course of coevolution, plants have
evolved the ability to recognize herbivores that are walking around on their surface,
feeding on plant tissues or depositing eggs on the plant (discussed in 2.2.2). The
perception to herbivore attack results in the activation of a complex signalling path-
way (see 2.2.3) finally leading to the production of defensive compounds that exert
both a direct and indirect effect on the attacking herbivore (described in 2.2.4).
For many decades, pest managment was based on the use of pesticides. Prob-
lems associated with these chemicals have prompted growers to seek reliable al-
ternatives including biological control. Predator arthropods represent an important
group of biological control agents. To date, research has largely focused on the
direct effect of predators on pest insects. However, as described in section 2.1.1,
several economically important predators maintain a close relationship with plants
not only using them to feed on (discussed in 2.1.2) but also as an oviposition sub-
strate (see 2.1.3). As a result of this interaction, these predators may also exert an
indirect effect on the pest population via the plant.
In order to investigate this effect, we selected a test system consisting of the
model crop tomato, the western flower thrips F. occidentalis and its natural en-
emy O. laevigatus. As described in section 4.1, O. laevigatus is widely used as
a commercial biological control agent of thrips in protected cultivation. While
primarily predaceous, Orius spp. also feed on various plant tissues among which
pollen, mesophyll tissue and vascular bundles. In addition, they practice endo-
phytic oviposition, depositing their eggs deeply into the plant tissues leaving only
the operculum exposed (Fig. 2.6).
In this chapter, we show that O. laevigatus bugs can induce increased resistance
to F. occidentalis feeding on tomato plants. We hypothesized that a JA-mediated
wound response might be responsible for this reduced feeding damage and inves-
tigated whether this effect is caused by feeding or egg laying. In order to support
this hypothesis, we studied the accumulation of H2O2, JA-related gene expres-
sion and the production of wound response marker proteins in tomato seedlings
infested with O. laevigatus nymphs and adults. Last instar nymphs, which ex-
ploit the plant as a food source only, were used to study the effect of feeding.
Oviposition-induced changes were examined using adult females of the preda-
tor. Finally, we assessed whether F. occidentalis feeding is effectively reduced by
predator induced JA-dependent defenses.
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5.2 Materials & Methods
5.2.1 Plant material and cultivation
Tomato (S. lycopersicum L.) plants were grown in general-purpose potting soil
(Structural type 0; Snebbout n.v., Kaprijke, Belgium) in growth chambers at a
temperature of 23 ± 1◦C, a relative humidity of 70 ± 5% and a photoperiod of
16 : 8 (L:D) h. Eleven-day-old plants (two expanding leaves and an emerging
third leaf) were carefully removed from the soil and transferred individually to
Plexiglas containers (5 cm in diameter, 4 cm high). The container was placed
on a water reservoir in such a way that the roots of the plants were immersed
in water. Air vents screened with fine-mesh nylon gauze provided ventilation.
Pritt Poster Buddies (Pritt, Du¨sseldorf, Germany) were used to seal the containers.
Transfer of the plants to the containers was performed at least 4 days before the
start of the experiments in order to eliminate effects caused by wounding during
transfer. All experiments were performed with fifteen-day-old tomato plants with
two cotyledons and an emerging third leaf. The tomato cotyledons used in our
study typically had a leaf area of 1cm2. The following tomato lines were used: cv.
Moneymaker (Vlaams Zaadhuis, Waarschoot, Belgium), the JA-deficient mutant
defenseless1 (def1) and its wild type Castlemart (Howe et al., 1996).
5.2.2 Insect rearing
A laboratory colony of O. laevigatus was established with insects acquired from
Biobest N.V. (Westerlo, Belgium). The insects were cultured in Plexiglas cylin-
ders (9 cm in diameter, 3.5 cm high). Each cylinder contained a sharp pepper plant
(C. annuum L. cv. Cayenne Long Slim) as a source of moisture and oviposition
substrate. The bugs were fed eggs of the Mediterranean flour moth E. kuehniella
Zeller (Koppert B.V., Berkel & Rodenrijs, The Netherlands). Dry bee pollen (N.V.
Weyns’s Honingbedrijf, Ghent, Belgium) was also provided to the adults to en-
hance oviposition. To improve feeding and oviposition on tomato plants, bugs
were transferred to tomato seedlings at least 1 week before the start of each ex-
periment. In order to insure feeding during the experimental period, Orius bugs
were starved for 24h before the experiment by providing them access only to water
encapsulated in Parafilm domes.
A laboratory colony of F. occidentalis was started with insects collected in a
greenhouse at Ghent University. The insects were cultured in plastic boxes con-
taining vermiculite and offered green beans (P. vulgaris L.).
Insect colonies were kept and experiments were conducted in growth chambers
at a temperature of 23± 1◦C, a relative humidity of 70± 5% and a photoperiod of
16 : 8 (L:D) h.
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5.2.3 Effect of Orius laevigatus infestation on subsequent thrips
feeding
Fifteen-day-old tomato plants (cv. Moneymaker), caged individually, were in-
fested with 10 mated female adults (7 − 14 d old) or 15 fifth instars of O. laevi-
gatus. The insects remained on the plants for 48h. A control treatment without
bugs was included. Thereafter, insects were removed carefully and 10 adult thrips
(14 − 21 d old) were placed on each plant. Thrips were allowed to feed on the
tomato plants for 48h. Subsequently, the relative area of feeding scars was quan-
tified using CompuEye (Bakr, 2005) and a damage score ranging from 1 to 5 was
attributed. For all treatments, the average damage score ± SE was calculated. The
average damage score of pretreated plants was compared to the damage score of
control plants using a non-parametric Wilcoxon rank sum test.
5.2.4 Visualisation ofH2O2 in leaves infested with O. laevigatus
Fifteen-day-old tomato plants (cv. Moneymaker), caged individually, were in-
fested with 10 mated female adults (7− 14 d old) or 15 fifth instars of O. laeviga-
tus. Nymphs were allowed to feed on the plants for 6h. Plants infested with female
adults were checked every hour and the females were removed immediately upon
detection of eggs. Leaves were stained 0, 8, 20, 44 and 92h after removal of the
bugs. For each time point, at least 5 replicates were analysed.
Staining was performed according to the protocol of ThordalChristensen et al.
(1997). In brief, leaves were submerged during 4h in a solution of 1 mg/ml DAB-
HCl (pH 4) and destained overnight in absolute ethanol. Microscopy was per-
formed with an Olympus BX-51 microscope and images were captured with a
ColorView III camera and edited with the software package CELL-F (Olympus
Soft Imaging Solutions, Mu¨nster, Germany).
5.2.5 Expression pattern of JA-dependent wound response genes
in response to O. laevigatus
Fifteen-day-old tomato plants (cv. Moneymaker), caged individually, were in-
fested with 10 mated female adults (7 − 14 d old) or 15 fifth instars of O. laevi-
gatus. The duration of the infestation period was 12h. Thereafter, insects were
removed carefully from the plants and both cotyledons were frozen in liquid nitro-
gen 0, 12, 48 and 96h after the end of the infestation period. A control treatment
without Orius infestation was included. For each time point, at least 5 leaflets of 5
different plants were sampled and pooled. This experiment was repeated twice in
order to obtain 3 biological replicates. For each biological replicate, at least three
technical replicates of each RT-PCR reaction were performed.
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Table 5.1: Nucleotide sequences of the gene-specific primers used in Chapter 5
Primer name Primer sequence
Prosystemin forward 5’-GGGAGGGTGCACTAGAAATAA-3’
Prosystemin reverse 5’-TTGCATTTTGGGAGGATCACG-3’
AOS forward 5’-TCGTCGGAGAAGAAGGAGAA-3’
AOS reverse 5’-CGCACTGTTTATTCCCACT-3’
PI–I forward 5’-GGAATTTGACTCTAACTTGATGTGCGAAG-3’
PI–I reverse 5’-TTCCTTAGCAAGCTTTGTTGGTACAC-3’
actin forward 5’-TGGTCGATCCACCGGTATTGTG-3’
actin reverse 5’-AATGGCATGTGGAAGGGCATAC-3’
Total RNA was extracted from the collected leaves with the RNeasy Plant Mini
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. To
prevent genomic DNA contamination, total RNA was treated with DNase using
the Turbo DNA-free Kit (Ambion, Lennik, Belgium). Total RNA quality was
checked on an agarose gel and concentrations were determined using a ND−1000
spectrophotometer (Nanodrop Technologies, Wilmington, DE). First-strand cDNA
was produced from 300 µg of DNase treated total RNA using the AffinityScript
QPCR cDNA Synthesis Kit (Stratagene/Bio-Connect, TE Huissen, The Nether-
lands) and random oligo-hexamer primers. Quantitative real-time PCR was carried
out on the Mx 3005P real-time PCR detection system (Stratagene/Bio-Connect,
TE Huissen, The Netherlands) with the Brilliant II SYBR Green QPCR Master
Mix (Stratagene/Bio-Connect, TE Huissen, The Netherlands). Actin was found
to be unaffected by experimental treatment and was therefore selected as internal
control gene. The relative expression level of the genes of interest was calculated
using the ∆∆Cp with efficiency correction (Souaze et al., 1996). Samples col-
lected from plants without infestation served as a calibrator. Nucleotide sequences
of the gene-specific primers are presented in Table 5.1. For each primer pair, the
optimal annealing temperature was predetermined by gradient PCR. Furthermore,
a primer titration was performed to determine the optimal primer concentration.
The relative expression level of infested plants was compared to the calibrator us-
ing a non-parametric one-sample Wilcoxon test.
5.2.6 Production of PI–II protein in leaves infested with O. lae-
vigatus
Fifteen-day-old tomato plants (cv. Moneymaker), caged individually, were in-
fested with 10 mated female adults (7−14 d old) or 15 fifth instars of O. laevigatus.
The duration of the infestation period was 12h. Thereafter, insects were removed
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carefully from the plants and leaves were frozen in liquid nitrogen 12, 48 and 96h
after the end of the infestation period. A negative control treatment without Orius
infestation was included. Plants treated with MeJA were used as a positive con-
trol. At least 5 leaves of 5 different plants were harvested for each time point. The
experiment was repeated 3 times.
Approximately 1 ml of a buffered solution (150 mM sodium chloride, 50 mM
Tris, 1% Triton X − 100, pH 8) was added to 500 µg ground leaf tissue. The
mixture was homogenized thoroughly and centrifuged at 15000 g for 10 min at
4◦C after which the supernatant was transferred to a new tube. Ten µg of protein
was diluted in NuPAGE LDS Sample Buffer (Invitrogen, Merelbeke, Belgium) and
separated using the NuPAGE Novex Bis-Tris Gels 4−12% (Invitrogen, Merelbeke,
Belgium) and MES SDS Running Buffer (Invitrogen, Merelbeke, Belgium). Pro-
teins were transferred onto an Invitrolon PVDF membrane (0, 45 µm, Invitrogen,
Merelbeke, Belgium) and the membrane was blocked by a 5% BSA in TBST. Fol-
lowing washes, 40 ml of goat PI–II antiserum (1 : 400), provided by G.L. Pearce
(Institute of Biological Chemistry, Washington State University), was added and
incubated for 2h at room temperature after which the membrane was washed in a
TBST solution. Subsequently, the membrane was incubated in an TBST solution
containing a commercially available secondary antibody (fluorescein-labeled goat
IgG (H+L); KPL, Gaithersburg, MD, USA) during 1h and washed. Proteins were
visualised using the Fluor Imager FLA-5100 (Fujifilm, Tokyo, Japan).
5.2.7 Effect of JA-dependent plant defense on thrips feeding
Fifteen-day-old tomato plants (cv. Castlemart, def1 mutants and def1 mutants pre-
treated with MeJA), caged individually, were infested with 10 adult thrips (14−21
d old). The insects remained on the plants for 48h. Subsequently, the relative area
of feeding scars was quantified using CompuEye (Bakr, 2005) and a score ranging
from 1 to 5 was attributed. For all treatments, the average damage score ±SE was
calculated. The damage score of def1-mutants and def1-mutants pretreated with
MeJA (as described by Baldwin et al. (1996)) was compared to the damage score
of Castlemart plants using a non-parametric Wilcoxon rank sum test.
5.3 Results
5.3.1 Effect of O. laevigatus infestation on subsequent thrips
feeding
The indirect effect of the predator O. laevigatus on feeding by the pest insect F.
occidentalis was investigated. Tomato seedlings were first infested with either
Orius nymphs or adults. Subsequently, the predators were removed and thrips
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Figure 5.1: Damage scores based upon the relative damaged area (RD) as a result of thrips
feeding on control tomato plants (n = 18) and plants pretreated with O. laevigatus nymphs
(n = 21) and adults (n = 19). Fifteen-day-old tomato plants were first infested with
15 fifth instar larvae or 10 female O. laevigatus adults. A control treatment without bugs
was included. After 48h, the bugs were removed and 10 adult thrips (F. occidentalis) were
allowed to feed on the plants for 48h. Subsequently, the RD of each leaf was quantified and
a damage score ranging from 1 to 5 was attributed.
adults were allowed to feed on the plants. A control treatment, without predator
infestation preceding thrips feeding, was included. The results of this experiment
are presented in Fig. 5.1. Exposure of plants to Orius nymphs had no effect on
damage caused by subsequent thrips infestation (3.46 ± 0.39 vs. 3.43 ± 0.22,
p = 0.966). In contrast, the average damage score of plants pre-infested with
Orius adults was significantly lower than in the control treatment (2.44± 0.24 vs.
3.43± 0.22, p < 0.005).
5.3.2 Visualisation ofH2O2 in leaves infested with O. laevigatus
We studied the accumulation of H2O2 in seedlings infested with O. laevigatus
nymphs or adults. In order to visualise the production of H2O2, infested leaves
were submerged in a 3,3’-diaminobenzidine (DAB) solution. DAB reacts with
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Figure 5.2: Accumulation of H2O2 in control leaves (A, C) and leaf tissue infested with
nymphs at 4h after removal of the bugs (B, D). Scale bar = 250 µm.
H2O2 catalysed by peroxidase forming an insoluble brown precipitate which can
be visualised after removal of chlorophyll. In leaves infested with nymphs, no
DAB accumulation was observed (Fig. 5.2). In contrast, exposure to female adults
did result in visible H2O2 accumulation. Figure 5.3 shows a time series of the ox-
idative burst around eggs and sites probed with the ovipositor without subsequent
egg insertion. DAB was detectable as early as 4h after exposure to adult females,
as evidenced by a deep brown color in leaf tissue surrounding the egg (Fig. 5.3A)
or oviposition puncture site (Fig. 5.3D). Microscopic observations revealed that
H2O2 was produced mainly in spongy mesophyll cells. Observations similar to
those at 4h were made after 12 and 24h (data not shown). At later time points
(48h after oviposition), the H2O2 accumulation gradually decreased (Fig. 5.3B
and 5.3E) to disappear almost completely when eggs had hatched (Fig. 5.3C and
5.3F). At all observed time points, H2O2 accumulation around eggs and oviposi-
tion puncture sites was very similar. In JA-deficient def1-mutants, similar results
were obtained confirming the independence of H2O2 production on JA.
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Figure 5.3: Accumulation of H2O2 in tomato leaf tissue surrounding eggs (A, B, C) and
puncture sites (D, E, F) at different time points (4h (A, D); 48h (B, E) and 96h (C, F)
after oviposition). Fifteen-day-old tomato plants were infested with female O. laevigatus
bugs which were removed within 1h after egg-laying. Leaves were stained 0, 44 and 92h
after removal of the bugs. In brief, leaves were submerged during 4h in a DAB-solution
and destained overnight in absolute ethanol. One representative egg or puncture site was
selected for each time point. Scale bar = 100 µm.
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Table 5.2: Expression pattern of JA-dependent wound-responsive genes of
tomato (Prosystemin, AOS and PI–I) in uninfested plants and 0, 12, 48 and
96h after infestation with O. laevigatus adults
Prosystemin AOS PI–I
Uninfested plants 1 1 1
0h 5.5± 0.9∗ 10.0± 2.1∗ 459.8± 92.6∗
12h 5.0± 0.8∗ 6.9± 1.8∗ 2172.3± 623.6∗
48h 1.8± 0.7 1.2± 0.5 12.7± 5.2∗
96h 1.5± 0.2 1.5± 0.3 24.4± 6.7∗
Expression levels are presented relative to uninfested plants. Each value represents
the average relative expression level ± SE of three independent replicates.
Expression levels of infested plants that differed significantly (p < 0.05) from those
in the uninfested calibrator plants are indicated with an asterisk
5.3.3 Expression pattern of JA-dependent wound response genes
in response to O. laevigatus
We selected 3 genes involved in different parts of JA-dependent wound response
and investigated their expression pattern in response to the presence of O. laevi-
gatus. Table 5.2 summarizes the relative expression of the precursor prosystemin,
the JA biosynthesis enzyme allene oxide synthase (AOS) and proteinase inhibitor
I (PI–I) after infestation of tomato plants with adult predators. Expression was not
induced by nymphs (Table 5.3). In contrast, infestation of tomato plants with adult
predators did lead to a strong upregulation of all three genes. mRNA levels of
the early genes prosystemin and AOS were maximal at the end of the infestation
period. After 48h, expression of both genes was already reduced to ground level.
Expression of the late defense gene PI–I reached its peak 12h after infestation. At
this time point, PI–I mRNA was over 2000 times more abundant than in the control
sample. At later time points, mRNA levels declined.
5.3.4 Production of PI–II protein in leaves infested with O. lae-
vigatus
We assessed the presence of the wound response marker protein PI–II in leaves
infested with O. laevigatus bugs using western blot analysis. In accordance with
previous results, this protein was not detected in plants infested with nymphs. In
contrast, the presence of adults did lead to the accumulation of the inhibitor in
tomato leaves. Figure 5.4 shows that the inhibitor was first detected 48h after the
end of the infestation period.
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Table 5.3: Expression pattern of JA-dependent wound-
responsive genes of tomato (Prosystemin, AOS and PI–I) in un-
infested plants and 0, 12, 48 and 96h after infestation with O.
laevigatus nymphs
Prosystemin AOS PI–I
Uninfested plants 1 1 1
0h 0.5± 0.4 0.6± 0.3 1.2± 0.4
12h 1.2± 0.3 0.8± 0.3 2.2± 0.6
48h 1.2± 0.2 0.8± 0.1 2.1± 0.5
96h 0.8± 0.2 0.9± 0.2 1.1± 0.3
Expression levels are presented relative to uninfested plants. Each value
represents the average relative expression level ± SE of three indepen-
dent replicates. Expression levels of infested plants did not differ from
those of the calibrator plants (p > 0.05)
Figure 5.4: Western blot analysis of PI-II in tomato leaves after infestation with O. lae-
vigatus adults. Fifteen-day-old tomato plants were infested with 10 female adults which
were left on the plants for 12h. Subsequently, insects were removed carefully and leaves
were harvested 12, 48 and 96h after the end of the infestation period. A negative control
sample without O. laevigatus infestation was included. MeJA-treated plants were used as a
positive control. Total protein was extracted and separated using SDS-PAGE. Proteins were
transferred to a membrane followed by visualisation of PI-II.
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Figure 5.5: Effect of the JA-dependent plant defense on thrips feeding. Ten adult thrips
(F. occidentalis) were allowed to feed on fifteen-day-old tomato plants (cv. Castlemart,
def1 mutants and def1 mutants pretreated with MeJA) for 48h. Subsequently, the relative
damaged area (RD) of each leaf was quantified and a damage score ranging from 1 to 5 was
attributed.
5.3.5 Effect of JA-dependent plant defense on thrips feeding
The JA-deficient def1 mutant was used to elucidate the role of the JA-mediated
plant defense in the resistance of tomato plants to F. occidentalis. Fig. 5.5 shows
that def1 plants are more susceptible to thrips feeding than their corresponding
wild-type (1.90± 0.20 versus 1.15± 0.09, p < 0.0031). Treatment of def1 plants
with methyl-JA (MeJA) restored resistance to thrips feeding completely (1.05 ±
0.05 versus 1.15 ± 0.094, p = 0.285). These results indicate that JA-regulated
defense mechanisms restrict thrips damage.
5.4 Discussion
Biological control of agricultural pests relies on the use of living organisms in-
cluding micro-organisms, arthropod predators and parasitoids. The direct effect
of these different categories of natural enemies on pests is well known. Some
biological control agents may, however, also exert an indirect effect on pests via
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the plant. Several studies have shown that specific strains of non-pathogenic root-
colonizing rhizobacteria can elicit induced systemic resistance (ISR) against her-
bivores. Zehnder et al. (2001) reported that inoculation of cucumber plants with
these rhizobacteria resulted in reduced feeding by the cucumber beetle. In Ara-
bidopsis, ISR triggered by Pseudomonas fluorescens WCS 417r, negatively affects
growth and development of the beet armyworm S. littoralis (Van Oosten et al.,
2008). Colonization of the Arabidopsis roots with P. fluorescens WCS 417r primes
the plant for a specific set of JA-responsive genes. As a result, these genes will be
induced either faster or more strongly upon insect attack leading to a more efficient
defense.
There are very few reports of omnivorous insects exerting an indirect effect
on pest populations via their interaction with the plant (Spence et al., 2007). In
this chapter, we investigated this effect using a test system consisting of tomato
plants, western flower thrips and its natural enemy O. laevigatus. Our experiments
reveal that exposure of tomato plants to these predatory bugs results in increased
resistance to subsequent thrips feeding (Fig. 5.1). We hypothesized that a wound
response might be responsible for this reduced feeding damage and investigated
whether this effect is caused by feeding or egg laying. The effect of feeding was
studied using last instar nymphs while oviposition-induced changes in the plant
were examined using adult females of the predator. Feeding by Orius bugs does
not result in any visible leaf damage whereas endophytic oviposition involves a
disorganization of plant tissues through mechanical injury.
Exposure of tomato plants to adult predators caused noticeable H2O2 accu-
mulation. ROS can be generated in plant tissues in response to wounding and
herbivory and appear to be involved in different parts of the wound response (as
described in 2.2.3.2). In several plant species, the production of H2O2 at wound-
ing sites is considered one of the most early events in the wound response and
could be an important factor in plant defense against pathogens that might invade
the wounded plant. Additionally, this reactive oxygen species acts as a second
messenger for the induction of JA-dependent defense genes in tomato leaves. Be-
sides, H2O2 could also play a role in the control of a hypersensitive response
(HR). Only a few studies describe a HR to ovipositing insects (Shapiro and De-
vay, 1987; Balbyshev and Lorenzen, 1997; Little et al., 2007). This response is
believed to be activated by the recognition of elicitors present in the egg or egg-
cement and is characterized by the formation of necrotic tissue at the oviposition
site. We observed intense DAB-staining of tomato tissue surrounding predator
eggs and oviposition puncture sites without eggs (Fig. 5.3). At all observed time
points, H2O2 accumulation around oviposited eggs and oviposition puncture sites
without eggs was very similar. This observation suggests that mechanical damage
inflicted during egg-laying, rather than elicitors present on the egg, are responsible
for H2O2 production. Therefore, we hypothesize that this reactive oxygen species
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is part of a wound response rather than being involved in a HR. Further, our results
obtained in JA-deficient def1 plants suggest that H2O2 accumulation in response
to egg laying takes place upstream of JA-signalling. In contrast, we could not
detect H2O2 in leaves infested with nymphs.
Quantitative RT-PCR experiments revealed that adult anthocorids, which not
only feed on plants but also deposit their eggs inside plant tissues, caused a strong
upregulation of three wound-responsive genes (Table 5.2). In contrast, last instars
were not able to induce those genes suggesting that feeding does not trigger a
wound response. Since there is no indication that adults feed substantially more on
plants than last instar nymphs, our results suggest that oviposition was the trigger
for a strong JA-mediated wound response. The expression pattern of PI-I was
rather unusual. Several studies reported that the transcript levels of this inhibitor
tend to remain high for various days after reaching a peak while we detected a
quick drop to basal levels following the peak (Sivasankar et al., 2000).
Likewise, the presence of adult predators led to the accumulation PI-II, a prin-
cipal marker for the wound response (Fig. 5.4) (Nelson et al., 1981; Graham et al.,
1985; Penacortes et al., 1995). Consistent with previous results, PI-I was not de-
tectable in leaves infested with nymphs. These results corroborate the hypothesis
that it is mainly egg laying that induces the wound response.
Based on these results, we can conclude that O. laevigatus females trigger
a JA-mediated wound response during egg laying. Several studies have causally
linked induction of this defense with a reduced performance of herbivores on plants
(Orozco-Cardenas et al., 1993; Howe et al., 1996; Thaler et al., 1996; Li et al.,
2002; Thaler, 2002). In this chapter, we showed that thrips adults caused signifi-
cantly more damage on JA-deficient def1 plants, confirming that JA-dependent de-
fense responses can increase resistance to F. occidentalis (Fig. 5.5). These results
are consistent with the finding that mainly the JA-pathway is involved in tolerance
against thrips feeding in Arabidopsis plants (Abe et al., 2008, 2009).
To our knowledge, this is the first report of an economically important preda-
tor exerting an indirect effect on pest insects via its interaction with the host plant.
Induction of the wound response by the predator could be advantageous to the
plant in several ways. Reduced plant quality due to the induced wound response
results in decreased herbivore damage. Moreover, reduced plant quality can affect
the feeding decisions of omnivorous herbivores, including western flower thrips.
It was previously shown that induced plant resistance caused the western flower
thrips to reduce herbivory and increase carnivory (Agrawal et al., 1999). In ad-
dition, the predator itself can gain as well. Secondary metabolites and defense
proteins, produced when the wound response is triggered, may prolong the devel-
opment of herbivorous insects thereby increasing the window of vulnerability of
herbivores to natural enemy attack (Clancy and Price, 1987). On the other hand,
induction of a wound response could also reduce the performance of natural ene-
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mies. Since many natural enemies occasionally feed on plants or plant products,
they are exposed to secondary metabolites and defense proteins as well. Moreover,
these defense chemicals reduce the quality of herbivores, which are the main food
source of natural enemies.
Further study of this effect needs to be undertaken. It is worth investigating
whether other insect predators can induce the same effect on tomato plants as O.
laevigatus. Further, it is warranted to examine if the plant defense, induced by O.
laevigatus, has an effect on other plant enemies such as necrotrophic pathogens
and plant viruses. Several studies have shown that necrotrophic pathogens can be
negatively affected by JA-regulated defense mechanisms (Glazebrook, 2005). In
addition, JA can act antagonistically on SA-dependent defenses which can induce
resistance to plant viruses (Beckers and Spoel, 2006a; Koornneef and Pieterse,
2008).

6
Impact of the mirid predators
Nesidiocoris tenuis and Macrolophus
pygmaeus on plants
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6.1 Introduction
The mirid predators M. pygmaeus (Fig. 6.1) and N. tenuis have been used suc-
cessfully as biological control agents of whiteflies and lepidopteran pests in both
temperate and Mediterranean regions (Alomar et al., 2002; Castan˜e´ et al., 2004;
Gabarra et al., 2004; Alomar et al., 2006; Calvo et al., 2009; Moreno-Ripoll et al.,
2012; Urbaneja et al., 2012). Both predators maintain a close relationship with
their host plant, not only using them to feed on (see section 2.1.2) but also as an
oviposition substrate (discussed in section 2.1.3). As a consequence, there is a po-
tential risk of economically significant crop damage. Mirid injury can result from
egg-laying, which involves the penetration of plant tissues by the ovipositor, as
well as from their lacerate and flush feeding method. The types of plant damage
caused by M. pygmaeus range from feeding marks on vegetative organs and fruit
to discoloring spots on flowers and fruit distortion (Castan˜e´ et al., 2011). Whereas
M. pygmaeus has been released and conserved for more than 15 years, these kinds
of injuries have seldomly been observed on commercial crops. In contrast, the
status of N. tenuis as a pest or beneficial remains controversial. Feeding by this
plant bug causes different types of damage including necrotic rings and growth
reduction (discussed in 2.1.2.5). The intensity of feeding damage caused by N.
tenuis is influenced by several factors. Both Sanchez (2009) and Arno´ et al. (2010)
reported that the appearance of crop damage is strongly related to predator abun-
dance. In addition, nymphs tend to cause more damage than adult predators (Arno´
et al., 2006; Calvo et al., 2009; Sanchez, 2009). Moreover, there is an inverse rela-
tionship between prey density and the number of necrotic rings or aborted flowers
detected on tomato plants (Arno´ et al., 2006; Sanchez, 2008; Calvo et al., 2009;
Sanchez, 2009).
While feeding and oviposition injury has been described thoroughly, relatively
little is known about the biochemical changes that take place in plants when in-
fested with zoophytophagous mirid predators. Raman et al. (1984) observed in-
creased levels of proteins, carbohydrates, phenolic compounds and oxidative en-
zymes in leaf tissue injured by N. tenuis. They hypothesized that feeding sets in
motion a series of wound-response reactions leading to the production of those
substances. Unfortunately, a lack of information regarding plant defense mecha-
nisms made it impossible to unravel the underlying mechanisms orchestrating the
plant’s reaction to this omnivorous predator. However, our knowledge about the
wound response in tomato plants has increased substantially in recent years (as de-
scribed in section 2.2). Wounding generally leads to the production of phytophor-
mones such as JA which, in turn, induce several defense related genes (discussed
in 2.2.4.1). Moreover, JA is the key regulator of the biosynthesis and emission of
volatile compounds including mono- and sesquiterpenes and green leaf volatiles
(Hopke et al., 1994; Boland et al., 1995; Mattiacci et al., 2001; Thaler et al., 2002;
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Figure 6.1: Macrolophus pygmaeus adult
Ament et al., 2004; Lou et al., 2005; Arimura et al., 2009; Degenhardt et al., 2010).
Several studies have demonstrated that the application of exogenous JA or deriva-
tives of this hormone induces the emission of volatiles similar to those induced
by herbivory (Koch et al., 1999; Rodriguez-Saona et al., 2001). Moreover, it was
shown that the volatile compounds emitted by JA-deficient mutants differ from
those produced by wild type plants (Thaler et al., 2002; Ament et al., 2004).
The aim of this chapter was two-fold. First, we studied the expression pat-
tern of several genes, involved in the JA-mediated wound response, in response
to different stages and densities of both N. tenuis and M. pygmaeus. Second, we
compared the emission spectrum of bug-infested plants with that of control plants.
6.2 Materials & Methods
6.2.1 Insect rearing
Laboratory colonies of both N. tenuis and M. pygmaeus were established with
adults acquired from Koppert B.V. (Berkel en Rodenrijs, the Netherlands). The
insects were cultured in Plexiglas cylinders (9 cm in diameter, 3.5 cm high). Each
cylinder contained a tomato plant (S. lycopersicum cv. Moneymaker) and was
placed on a water reservoir. The bugs were fed with frozen eggs of the Mediter-
ranean flour moth E. kuehniella (also from Koppert B.V.) on Mondays, Wednes-
72 CHAPTER 6
days and Fridays. Insect colonies were kept in growth chambers at a temperature
of 23± 1◦C, a relative humidity of 70± 5% and a photoperiod of 16 : 8 (L:D) h.
6.2.2 Expression of JA-dependent wound response genes
Tomato (S. lycopersicum cv. Moneymaker) plants were grown in general-purpose
potting soil (Structural type 0; Snebbout n.v., Kaprijke, Belgium) in growth cham-
bers at above mentioned conditions. One-month old plants (3 to 4 expanding leaves
and an emerging leaf) were carefully removed from the soil and transferred indi-
vidually to Plexiglas cylinders (9 cm in diameter, 3.5 cm high) at least 4 days
before the start of the experiment in order to eliminate effects caused by wounding
during transfer. The cylinder was placed on a water reservoir in such a way that
the roots of the plants were immersed in water. Air vents screened with fine-mesh
nylon gauze provided ventilation.
Tomato plants were infested with different densities (1, 5 and 10) of female
adults (7− 14 d old) or fifth instars of N. tenuis and M. pygmaeus. The duration of
the infestation period was 24h. Thereafter, insects were removed carefully and the
plants were frozen in liquid nitrogen. A control treatment without bug infestation
was included. For each time point, at least 5 leaflets of 5 different plants were
sampled and pooled. This experiment was repeated twice in order to obtain 3
biological replicates. RNA extraction, cDNA synthesis and RT-PCR experiments
were conducted as described in section 5.2.5.
A KolmogorovSmirnov test proved that the log transformed relative expression
levels of all three genes were distributed normally and therefore analysed using a
three-way analysis of variance (ANOVA).
6.2.3 Volatile emission
Tomato (S. lycopersicum cv. Sparta) plants at the 6-leaf stage were transferred to
a cage consisting of fine-mesh nylon gauze. Plants were infested with 25 N. tenuis
females (2 − 3 weeks old) during 24h or 48h. A control treatment without bug
infestation was included. Subsequently, bugs were removed and plastic pots were
wrapped in aluminium foil. Plants were placed in a glass jar for odor collection.
A charcoal-filtered airstream was pulled over the plant and over a 45-mg Super
Q trap (80/100 mesh; Sigma-Aldrich, Diegem, Belgium) using a pump (Zefon
Escort ELF Personal Air Sampling Pump; Zefon International, Ocala, Florida)
with an air flow of 1l/min. Collections were done for 2h. After volatile collections,
traps were eluted twice with 200 µl GC/MS analytic grade hexane and the eluent
was collected in glass vials. A light stream of air was used to push the remaining
hexane through the trap. N-butylbenzene was added to each sample as an internal
standard. Samples were stored at −18◦C.
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Odor samples were analyzed on a gas-chromatograph coupled with a mass-
spectrometer (GC-MS). The Thermo Trace GC Ultra (Thermo Electron Corpora-
tion, Louvain-la-Neuve, Belgium) was equipped with a HP-5MS column (30 m x
0.25 mm, df = 1 µm) using helium as a carrier gas. All injection volumes were
1 µl. The oven temperature program was initiated at 40◦C, held for 2 min then
raised first at 5◦C/min to 150◦C, raised in the second ramp to 260◦C at 20◦C/min
and held for 3 min. Samples were subsequently analyzed using a Finnigan Trace
MS mass spectrometer (Thermo Electron Corporation, Louvain-la-Neuve, Bel-
gium). Spectra were obtained in the EI mode at 70eV .
Volatile compounds were identified using their Kovats retention index (KI)
and by interpretation of the MS fragmentation patterns (comparison with NIST
database). The relative abundance (%) of each identified compound was calculated
by dividing the area under the peak of the considered compound by the total peak
area (corresponding to the sum of the areas of all sample-related peaks). The rela-
tive abundance of each compound present in the headspace of bug-infested plants
was compared to that in the headspace of control plants using a non-parametric
Wilcoxon rank-sum test. P-values below 0.05 were considered significant. All
data were analysed using SPPS 16.0 (SPSS Inc., 2008).
6.3 Results
6.3.1 Expression of JA-dependent wound response genes
We investigated the expression pattern of three genes involved in the wound re-
sponse of tomato plants (prosystemin, AOS and PI-I) in response to different den-
sities (1, 5 or 10) and stages (fifth instars or adults) of both N. tenuis (Fig. 6.2) and
M. pygmaeus bugs (Fig. 6.3). Three way ANOVA results are presented in Table
6.1. Three way ANOVA showed significant interaction between bug species, den-
sity and stage for the wound-responsive gene PI-I. No three-factorial interaction
could be detected for the other genes involved in this study. However, the inter-
action species x density was significant for the genes prosystemin and AOS. Bug
stage was found to have a significant effect on the expression level of prosystemin.
Adult bugs induced this gene stronger than fifth stage nymphs.
6.3.2 Volatile emission
Figure 6.4 gives an overview of the most important volatile compounds present
in the headspace of tomato plants previously infested with N. tenuis. For most
compounds, there was no significant difference between the relative abundance in
the headspace of control plants compared to the bug-infested ones. In contrast,
p-cymene could not be detected in the headspace of control plants whereas it was
induced upon N. tenuis infestation. This monoterpene represents 1.63 ± 0.36%
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Figure 6.2: Expression level (± SE) of JA-dependent wound-responsive genes (Prosys-
temin, AOS and PI-I) in tomato plants infested with different densities (1, 5 or 10) of N.
tenuis nymphs and adults. Expression levels are presented relative to uninfested plants.
Each value represents the average relative expression level± SE of three independent repli-
cates
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Figure 6.3: Expression level (± SE) of JA-dependent wound-responsive genes (Prosys-
temin, AOS and PI-I) in tomato plants infested with different densities (1, 5 or 10) of M.
pygmaeus nymphs and adults. Expression levels are presented relative to uninfested plants.
Each value represents the average relative expression level± SE of three independent repli-
cates
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Table 6.1: Three-way ANOVA results indicating the effect of bug species, density and stage
on the expression level of three JA-responsive genes
Factor Prosystemin AOS PI-I
Species F 78.357 125.682 217.118
df 1 1 1
p < 0.001 < 0.001 < 0.001
Density F 58.447 149.772 601.151
df 2 2 2
p < 0.001 < 0.001 < 0.001
Stage F 6.868 2.132 43.463
df 1 1 1
p 0.015 0.157 < 0.001
Species x Density F 6.836 13.221 8, 326
df 2 2 2
p 0.004 < 0.001 0.002
Species x Stage F 2.180 0.726 0.197
df 1 1 1
p 0.153 0.403 0.661
Density x Stage F 1.175 2.744 13.888
df 2 2 2
p 0.326 0.084 < 0.001
Species x Density x Stage F 0.132 0.283 5.673
df 2 2 2
p 0.877 0.756 0.009
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Figure 6.4: Relative abundance (mean ± SE) of the major compounds present in the
headspace of control plants and tomato infested with N. tenuis during 24h or 48h.
and 1.04±0.52% of the total amount of volatiles after an infestation period of 24h
and 48h, respectively.
6.4 Discussion
In the first part of this chapter, we showed that the mirid predators N. tenuis and
M. pygmaeus were able to induce a JA-mediated wound response in tomato plants.
Both bugs caused a strong upregulation of the precursor prosystemin, the JA-
biosynthesis gene AOS and the wound response marker PI-I. In contrast to the an-
thocorid O. laevigatus, both nymphs and adult mirids can activate the JA-mediated
plant defense. Whereas adults inflict less damage than nymphs, they caused a
stronger upregulation of the precursor prosystemin. This leads us to the hypoth-
esis that both feeding and egg-laying contribute to the activation of the wound
response.
The activation of the JA-mediated plant defense and the induction of defense
products such as PIs has some implications for the use of omnivorous bugs as bi-
ological control agents. First, it can result in resistance to subsequent attack of
herbivores known to be affected by this kind of defense mechanisms. Such cross-
resistance, called immunization or vaccination, has been reported for the closely
related bug Tupiocoris notatus Distant (Heteroptera: Miridae). Previous infes-
tation of tobacco plants with this mesophyll-feeding mirid slows down growth of
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the hornworm Manduca sexta L. (Lepidoptera: Spinghidae) (Kessler and Baldwin,
2004; Voelckel and Baldwin, 2004). The authors hypothesize that the induction of
PIs by T. notatus is at least partially responsible for the reduced performance of
this lepidopteran. However, the induction of the JA-mediated plant defense could
also make the plant more susceptible to certain attackers. As described in 2.2.3.3,
the induction of JA causes a downregulation of the SA-signalling pathway. As a
result, plants may become more susceptible to organisms known to be affected by
SA such as biotrophic pathogens and phloem feeding insects.
In addition, the activation of defense mechanisms could also influence the
plant’s vegetative and reproductive growth. Corrado et al. (2011) evaluated the
possible costs of inducible defenses against pests in tomato. They compared veg-
etative growth, fruit production and CO2 assimilation of transgenic plants over-
expressing the precursor prosystemin (35S::prosys) with control plants in which
plant defense was not activated. 35S::prosys plants constitutively express a wide
spectrum of defense proteins (e.g. PI-I and PI-II), which are usually induced only
after insect attack. Their data showed that 35S::prosys plants grow slower, flower
later and produce less seeds per fruit. It was hypothesized that the production of
defense proteins requires the availability of energy and amino acids. As a result of
this investment, the amount of resources available to sustain both vegetative and
reproductive growth is limited. As discussed in 2.1.2.5, several authors observed
a reduction in vegetative growth and fruit yield in crops infected with N. tenuis. It
was hypothesized that the continuous extraction of assimilates, caused by feeding
on vascular tissues, reduces the availability of resources for the plant. Until now,
it was never taken into account that the activation of defense mechanisms by om-
nivorous predators could be, at least partially, responsible for the observed effect
on plant growth and reproduction.
Several studies documented that JA is the key regulator of the biosynthesis and
emission of volatile compounds including mono- and sesquiterpenes and green
leaf volatiles (Hopke et al., 1994; Boland et al., 1995; Mattiacci et al., 2001; Thaler
et al., 2002; Ament et al., 2004; Lou et al., 2005; Arimura et al., 2009; Degenhardt
et al., 2010). Since zoophytophagous mirid bugs have been shown to activate
the JA-biosynthesis pathway, we investigated the emission of volatiles in tomato
plants infested with those predators. Headspace analysis showed that N. tenuis
induces the emission of p-cymene, a monoterpene which was not produced by
the control plants in our study. Several authors reported that this compound can
function as either a repellent or toxin to plant herbivores Janmaat et al. (2002);
Bleeker et al. (2009). However, these results should be interpreted cautiously as it
is rather unusual that volatile patterns of infested and control plants differ in only
one compound.
It should be stressed that more detailed analyses are necessary to unravel the
effect of predatory bugs on volatile emission. As described above, we only took
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into account the major compounds produced by the plant. It is however possi-
ble that volatiles, produced only in very small amounts upon infestation with N.
tenuis, play an important role in orchestrating a plant’s defense. In addition, we
mainly focussed on the emission of terpenoid volatiles due to the filter choice.
Several authors reported that mechanical damage or insect feeding can result in
the immediate release of green leave volatiles (reviewed by Arimura et al. (2009)).
These compounds are released within seconds to minutes from leaf and stem of
injured plants and play a role in plant-plant communication and attraction of par-
asitoids and predators (Turlings et al., 1990; Shiojiri et al., 2006). In addition,
it is warranted to perform an absolute quantification of the volatiles emitted by
zoophytophagous bugs. Using relative quantification, it is impossible to detect an
increase in total volatile emission, which has been reported to occur upon activa-
tion of the JA-mediated plant defense (Degenhardt et al., 2010). Finally, it was
demonstrated that the de novo synthesis of several VOCs requires the activation of
several biosynthetic genes and takes at least a few hours to days.
In conclusion, we demonstrated that the mirid predators M. pygmaeus and N.
tenuis are able to activate a JA-mediated wound response in tomato plants during
both feeding and egg-laying. Additionally, headspace analysis showed that N.
tenuis induces the emission of p-cymene, a monoterpene which was not produced
by the control plants in our study. Bioassays can indicate not only whether mirid
predators can suppress target herbivores directly by preying on them, but also have
an indirect positive effect by activating plant defense mechanisms and inducing
volatile compounds.

7
Conclusions and research perspectives
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Biological control is one of the oldest methods to control pest organisms with
records dating back to 300 BC when predatory ants were used in citrus orchards
(van Lenteren, 2005; Bale et al., 2008). The first major success of biological con-
trol in the modern era stems from 1880 when the cottony-cushion scale Icerya
purchasi Maskell (Hemiptera: Margarodidae) was controlled successfully by the
vedalia beetle Rodolia cardinalis (Mulsant) (Coleoptera: Coccinellidae) and the
parasitoid Cryptochaetum iceryae (Williston) (Diptera: Cryptochaetidae) on citrus
crops in California (DeBach, 1964). Since then, biological control has been widely
used and considered the most environmentally safe and at the same time econom-
ically profitable pest management system. Biological control agents have no or
only little side-effects on non-target organisms and the environment and pest or-
ganisms cannot develop resistance against arthropod natural enemies. In contrast
to chemical control, the benefit-cost ratio and the success of finding new biological
control agents is higher whereas development costs are lower (Bale et al., 2008;
van Lenteren, 2012).
In general, three main types of biological control can be distinguished: con-
servation, classical and augmentative biological control (Bale et al., 2008; van
Lenteren, 2012). Whereas conservation biological control consists of human ac-
tions that protect and stimulate the performance of naturally occurring natural en-
emies, classical biological control involves the collection of natural enemies in
an exploration area (usally the area of origin of the pest) followed by the release
in the area where the pest organism was accidentally introduced (DeBach, 1964;
Gurr and Wratten, 2000). In augmentative biological control, natural enemies are
mass-reared in biofacteries for release in large numbers to obtain an immediate
control of the pests (van Lenteren, 2012). In contrast to the other types, augmen-
tative biological control is applied on a rather limited scale, i.e. on 16 million
ha, which is only 0.4% of the total cultivated land (van Lenteren, 2012). The his-
tory of commercial mass production and sale of natural enemies spans a period of
roughly 120 years. The first species used in augmentative biological control were a
hymenopteran (Metaphycus lounsburyi (Howard)) and a coleopteran (Chilocorus
circumdatus (Gyllenhal in Scho¨nherr)), both in 1902 (van Lenteren, 2012). Dur-
ing the initial seven decades of augmentative biological control 11 species became
available, mainly hymenopterans. From 1970 onwards the number of new species
becoming commercially available increased dramatically resulting in a spectrum
of 230 species presently used in augmentative biological control worldwide (van
Lenteren, 2012). Among them, 19 species belong to the suborder Heteroptera, of
which most are produced only in low or medium numbers (hundreds to a hundred
thousand per week). However, the heteropteran predators O. laevigatus, M. pyg-
maeus and N. tenuis have a large market value since more than 100,000 insects are
sold every week. The mirid bugs N. tenuis and M. pygmaeus both occupy a key
position in the control of whiteflies and the tomato leafminer T. absoluta in both
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temperate and Mediterranean regions (Malausa and Trottin-Caudal, 1996; Castan˜e´
et al., 2011; Urbaneja et al., 2012). Orius laevigatus, an anthocorid predator, is an
important natural enemy of thrips and other small arthropod pests in protected cul-
tivation (EPPO, 2009). In addition to their role as a carnivorous predator, those het-
eropterans develop a complex relationship with their host plant. Not only do they
use the plant for egg-laying but they also display a feeding habit called zoophy-
tophagy or omnivory (Castan˜e´ et al., 2011). This implies that they can, in addition
to prey feeding, also exploit plant resources. The complex relationship between
zoophytophagous predators and plants has important implications for their pro-
duction and use as biological control agents. First of all, the dependence on plant
materials complicates their mass-rearing. In addition to plant feeding, members of
Anthocoridae and Miridae also require plants as oviposition substrates, inserting
their eggs into the plant tissue (i.e. endophytic oviposition). The use of plants
or plant parts is expensive due to space and labor required for plant production.
Moreover, some plant materials may not be continually available such as green
beans used for the production of several anthocorid predators. Additionally, the
plant material, introduced in the rearing system, can contain harmful pathogens
and residues of pesticides. Besides those problems associated with their produc-
tion, the phytophagous feeding habit of those predators also implies a certain risk
to the crop plants on which they are released. Some species, among which sev-
eral mirid biological control agents, are known on account of the damage they can
inflict on crops, especially when prey density is low (Castan˜e´ et al., 2011).
The overall objective of this thesis is to examine the complex relationship be-
tween economically important zoophytophagous predators and plants in order to
overcome the previously mentioned difficulties regarding their production and use
as biological control agents. In the first part of this thesis, we investigated the
effect of plants on the lifecycle of the commercially available zoophytophagous
predators N. tenuis and O. laevigatus. Only little is known about the nutrients that
are obtained from plants during phytophagy and about the exchange processes that
take place between eggs and the surrounding plant tissues. In order to investigate
the role of plants for N. tenuis and O. laevigatus, we subjected both predators to a
plantless rearing system (consisting of E. kuehniella eggs, an artificial living sub-
strate, water source and oviposition substrate) and compared developmental and
reproductive parameters of bugs reared plantless with their counterparts having
access to plants.
As described earlier, bugs of the Anthocoridae and Miridae families deposit
their eggs inside plant tissues where the eggs complete their embryonic develop-
ment. We observed that eggs fail to hatch when they are not fully embedded in
the substrate and that the egg volume increases during embryogenesis suggesting
that the oviposition substrate provides some nutrients. Nymphs hatched from an
artificial substrate containing water only, showed similar developmental parame-
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ters as their counterparts hatched from plants indicating that eggs probably absorb
mainly water. Several authors confirmed that the size of other heteropteran eggs
increases during embryogenesis and showed, using egg composition analyses, that
this increase is indeed mainly associated with an increased water content (Constant
et al., 1994; Cooper and Spurgeon, 2012).
The present study confirmed that water is also the essential nutrient obtained
from plants during plant feeding by nymphs and adults of both N. tenuis and O.
laevigatus since bugs given access to a source of free water showed similar survival
rates, developed as fast and laid as much eggs as their counterparts supplementing
their diet of E. kuehniella eggs with plant materials. However, access to plant
materials increased the adult weight of both bugs, indicating that plants provide,
in addition to water, some other supplementary nutrients. Likewise, plant feeding
was reported to have a positive impact on the adult weight of some closely related
zoophytophagous bugs (Coll, 1998; De Puysseleyr, 2007; Bonte and De Clercq,
2010; Vandekerkhove et al., 2011).
Whereas our experiments suggest that some supplementary nutrients are taken
up from plants, the nature of the ingested products remains unknown. Based on
literature on this topic, we assume that zoophytophagous bugs extract mainly car-
bohydrates and proteins from plants resulting in a positive effect on their weight.
Urbaneja-Bernat et al. (2013) observed that N. tenuis consumed less prey and laid
more eggs if hydrocapsules filled with a sucrose solution were provided. In addi-
tion, the authors reported that N. tenuis has been observed feeding on honeydew
under field conditions. Moreover, M. pygmaeus survival and fecundity increased
on broad bean plants featuring extrafloral nectar as compared to nectariless plants
(Portillo et al., 2012). Besides, there are some indications that zoophytophagous
bugs exploit plant-based protein. Hamdi et al. (2013) showed that M. pygmaeus
reared on 15N-labelled tobacco plants had significantly higher contents of 15N
than their counterparts reared on unlabelled plants. Moreover, several anthocorid
predators, including O. laevigatus, are known to feed on honeybee pollen which
contains 7 to 35 percent protein depending on the pollen species collected by bees.
Future experiments are necessary to unravel the nature of nutrients obtained
by plant feeding. Since there are large differences in the chemical composition of
different plant parts, identification of the feeding site may provide an indication.
Whereas mesophyll cells contain mainly starch and lipids, phloem sap is rich in
carbohydraties and amino acids. On the other hand, xylem sap consists of over
90% water with only some traces of amino acids, vitamins and minerals. Plant
feeding sites are typically determined using damage analysis or plant tissue sec-
tioning. However, both techniques are prone to misinterpretation due to the large
amount of potential artefacts. Furthermore, mesophyll content or vascular tissues
can be marked using different staining or radiolabeling methods. Phloem sap can
be radiolabeled with 14C sugars derived from 14CO2 uptake whereas safranin O,
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an acidic red stain, is selectively translocated in the xylem thereby functioning
as a marker for xylem feeding. Experiments using these techniques can unravel
which plant tissues are preferred by the zoophytophagous bugs in our study. In ad-
dition, the analysis of enzymes present in the digestive tract of zoophytophagous
bugs gives an indication of the nutrients ingested during plant feeding. Zeng and
Cohen (2000) demonstrated the presence of amylase in the intestines of O. insidio-
sus thus proving that this zoophytophagous predator can utilize plant-based starch.
Future experiments, e.g. assays with fluorescent-labeled substrates, can uncover
the enzymatic composition of the saliva of both O. laevigatus and N. tenuis.
It needs to be emphasized that the results regarding the nutritional role of
plants in the bugs’ diet are restricted to the configured experimental conditions.
Although the role of plants is rather limited when predators are fed nutritionally
superior insect eggs, it is possible that the amount of supplementary nutrients de-
rived from plants increases if the quality or quantity of prey available decreases.
Several authors reported that zoophytophagous predators intensify plant feeding
when prey become scarce, possibly compensating for a deficit of prey (Castan˜e´
et al., 2011). It is therefore worth studying the effect of plants when predators are
fed prey of different quality. For all three predators, several artificial diets with
varying nutritional value have been described in the literature (Castan˜e´ and Zap-
ata, 2005; Castane et al., 2006; Bonte and De Clercq, 2008; Vandekerkhove and
De Clercq, 2010; Bonte and De Clercq, 2011). Multigeneration experiments in
which bugs are reared on those diets in the absence of plants could give an indica-
tion of the relationship between the quality of prey and the absorption of nutrients
from plants. Besides, the intensity of plant feeding can also be influenced by the
plant species offered to the bug (Perdikis and Lykouressis, 2000; Lykouressis et al.,
2001; Perdikis and Lykouressis, 2004).
As described earlier, the commercial mass production of zoophytophagous
predators is relatively expensive due to the use of E. kuehniella eggs and by the
need for living plants in the rearing system. In order to keep the production cost as
low as possible, much research has been conducted on the use of alternative or ar-
tificial diets (Castan˜e´ and Zapata, 2005; Castane et al., 2006; Bonte and De Clercq,
2008; Vandekerkhove and De Clercq, 2010; Bonte and De Clercq, 2011). How-
ever, E. kuehniella eggs still outperform the other diets in terms of both develop-
ment and reproduction. Besides, eliminating plants from the rearing system can be
an important cost-saving factor. In this thesis, we succeeded in rearing N. tenuis
and O. laevigatus for several generations on artificial substrates, thereby proving
that it is possible to remove plants from the rearing system without major quality
loss. The oviposition substrate and water domes used in the present study consist
of easily available components and their production could be mechanized using
an encapsulation apparatus. Further experiments are necessary to verify the find-
ings from our small scale laboratory study in more commercially scaled rearing
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systems.
Several adaptations might improve the usefulness of this plantless rearing sys-
tem for commercial mass production. Our experiments show that the artificial
oviposition substrate, designed within the context of this thesis, is attractive to fe-
males of both the anthocorid and mirid bugs resulting in oviposition rates similar
to those on plants. However, further optimization of the physical qualities of the
substrate could improve egg deposition. Whereas some N. tenuis females fail to
insert their eggs deep enough into the substrate rendering them prone to dehy-
dration, eggs of O. laevigatus are deposited below the parafilm surface thereby
preventing the escape of newly hatched nymphs. In addition, enriching the water
domes with supplementary nutrients may improve the predator’s performance in a
plantless production system. Urbaneja-Bernat et al. (2013) reported an increased
fecundity when sucrose was added to the hydrocapsules offered to N. tenuis fe-
males. Although most research focuses on the addition of sugars, several other
compounds, including amino acids, vitamins, minerals of fatty acids could have
a positive effect on the bugs development and reproduction. However, in contrast
to some phloem-feeding hemipterans such as aphids and whiteflies (Owen 1978;
Wilkinson et al. 1997; Ashford et al. 2000), mirids might not be adapted to allevi-
ate osmotic problems associated with highly concentrated solutions.
The second objective of the present study was to investigate the effect of the
zoophytophagous bugs on the plants. Over the past decades, a great deal of re-
search on plant reactions upon herbivore attack has been performed. In general,
plants are able to detect a herbivore’s presence when it is walking around on their
surface, feeding on their tissues or depositing eggs. Upon recognition, a complex
signal transduction pathway, including several phytohormones, is triggered finally
leading to the production of a wide array of defense products. In contrast, little
knowledge is available on the reactions that take place in plants when colonized
by zoophytophagous bugs.
Quantitative RT-PCR experiments showed that M. pygmaeus, N. tenuis and O.
laevigatus trigger a JA-mediated wound response in tomato plants. We observed
that only adult Orius bugs induce such a reaction, indicating that anthocorids initi-
ate a wound response by depositing their eggs in the plant tissues. In contrast, both
nymphs and adult mirids can activate the plant defense leading us to the hypothesis
that N. tenuis and M. pygmaeus activate a wound response not only by egg-laying
but also by feeding on tomato plants.
Although we know that all three bugs induce this defense reaction during egg-
laying, we still have no idea what exactly triggers the wound response. Oviposi-
tional wounding per se (without eggs or egg secretion) has so far not been shown
to induce a defense response in plants (Hilker and Meiners, 2011). In contrast,
a few elicitors, present on insect eggs or in the egg secretion, have been fully
identified (Doss et al., 2000; Doss, 2005; Fatouros et al., 2005; Little et al., 2007;
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Fatouros et al., 2008). However, we showed that there was no difference between
the accumulation of H2O2 around oviposited eggs and oviposition puncture sites
without eggs of O. laevigatus, suggesting that mechanical damage inflicted during
egg-laying, rather than elicitors present on the egg, are responsible for the induced
plant defense.
The activation of the JA-mediated plant defense eventually leads to the pro-
duction of direct and indirect defense products. We showed that zoophytophagous
bugs induce PI-I and PI-II in tomato plants. Both proteins are potent inhibitors of
the proteinases trypsin and chymotrypsin present in the insect gut, thereby reduc-
ing herbivore performance (Fan and Wu, 2005). Besides, we demonstrated that
N. tenuis initiates the emission of p-cymene, a compound that can function as a
repellent or toxin to insects (Janmaat et al., 2002; Bleeker et al., 2009).
The activation of the JA-mediated plant defense and the induction of direct
and indirect defense products has some implications for the use of omnivorous
bugs as biological control agents. First, it can result in increased resistance to
subsequent attack of herbivores inhabiting the same or a neighbouring plant. Sev-
eral studies have causally linked the induction of the wound response with a re-
duced performance of herbivores (Orozco-Cardenas et al., 1993; Howe et al., 1996;
Thaler et al., 1996; Li et al., 2002; Thaler, 2002). Analogously, our experiments re-
vealed that exposure of tomato plants to O. laevigatus resulted in reduced feeding
damage of F. occidentalis, probably by the induction of a wound response. Such
cross resistance, called immunization or vaccination, has also been reported for
another mirid species, T. notatus. Previous infestation of tobacco plants with this
mesophyll-feeding mirid slows down growth of the hornworm M. sexta (Kessler
and Baldwin, 2004; Voelckel and Baldwin, 2004). The authors hypothesize that the
induction of PIs by T. notatus is at least partially responsible for the reduced per-
formance of the caterpillar. Theoretically, the induction of the JA-mediated plant
defense could also make the plant more susceptible to organisms known to be af-
fected by SA such as biotrophic pathogens and phloem feeding insects (Beckers
and Spoel, 2006b; Thaler et al., 2012). Several authors documented an antagonism
between JA and SA at gene expression level, but this is not always translated into
an actual change in resistance levels. Further research on this topic is necessary
since only few papers examined this crosstalk mechanism in a field setting (Thaler
et al., 1999, 2012).
In addition, the activation of defense mechanisms could also influence the
plant’s vegetative and reproductive growth (Strauss et al., 2002; Paul-Victor et al.,
2010; Siemens et al., 2010; Zuest et al., 2011; Neilson et al., 2013). A widely
accepted assumption is that resources allocated to plant defense would come at
the expense of resources allocated for growth and reproduction (Stamp, 2003).
Several authors observed a reduction in vegetative growth and fruit yield in crops
heavily infested with zoophytophagous bugs. It is, however, very difficult to deter-
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mine the cost of the induced plant defense since zoophytophagous bugs influence
the plant’s growth not only by activating defense mechanisms but also by continu-
ously extracting assimilates from the vascular tissues.
Whereas the plant-feeding habit of zoophytophagous bugs is generally consid-
ered disadvantageous, it now becomes apparent that this herbivorous characteristic
could also be favourable to the host plant. We proved that those natural enemies
not only suppress target herbivores directly by preying on them, but also exert an
indirect effect on their prey by activating plant defense mechanisms and inducing
volatile compounds.
Summary
Several economically important biological control agents, belonging to the sub-
order Heteroptera, are predators that maintain a close relationship with their host
plants. Among them are the mirid bugs N. tenuis and M. pygmaeus, commonly
applied in Europe as whitefly predators in both temperate and Mediterranean re-
gions, and the anthocorid predator O. laevigatus, a natural enemy of thrips and
other small arthropod pests in protected cultivation. Not only do these predators
use their host plants for egg-laying but they also display a feeding habit called
zoophytophagy or omnivory. Unfortunately, this complex relationship between
those heteropteran predators and plants has some downsides regarding their pro-
duction and use as biological control agents. First, their zoophytophagous feeding
habit implies a potential risk to the crop. Whereas the anthocorid O. laevigatus
rarely causes crop damage, the mirids M. pygmaeus and N. tenuis are reported to
be potentially harmful, especially under very specific circumstances such as high
predator density combined with low prey availability. In addition, their depen-
dence on plant materials complicates their mass rearing. Plants are expensive to
produce, are subject to limited availability and may contain harmful pathogens
and residues of pesticides. The overall objective of this thesis is to examine the
complex relationship between the above mentioned predators and plants in order
to elucidate the benefits and limitations of their use as biological control agents.
In a first experimental part of this thesis, the role of plants in the lifecycle of
these predators was investigated. Little is known about the nutrients that are taken
up from the plant nor about the complex processes that take place between insect
eggs and the surrounding plant tissue. In order to investigate this, we developed a
plantless rearing system and compared developmental and reproductive parameters
of bugs reared plantless with their counterparts having access to plant materials.
The developed plantless rearing system consisted of wax paper as an artificial liv-
ing substrate, Parafilm domes filled with tap water as an artificial moisture source
and Parafilm domes filled with moistened cotton as an artificial oviposition sub-
strate.
Developmental parameters of N. tenuis nymphs that had hatched from the ar-
tificial oviposition substrate did not differ from those of nymphs that had emerged
from plants, suggesting that, besides water, no essential nutrients are absorbed
from the oviposition substrate during embryogenesis. Our results regarding the
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role of plant feeding indicate that water acquisition is the critical function of phy-
tophagy in N. tenuis. However, besides water, plants provide some supplementary
nutrients whose effect on developmental and reproductive parameters of N. tenuis
depends on the availability and quality of prey. In the absence of prey, plant feed-
ing allowed approximately one third of the tested nymphs to complete their devel-
opment, whereas all nymphs provided with only water died before reaching the
adult stage. When high-quality prey (such as E. kuehniella eggs) were provided,
nymphal survival, developmental rates and fecundity of N. tenuis did not differ
from those of predators given access to water only. However, adult bugs, hav-
ing access to plants, were slightly heavier than their counterparts supplementing
their prey diet with water only, indicating a positive effect of plant-derived nutri-
ents on the predators’ adult weight. In contrast to results obtained for the mirid
N. tenuis, developmental (i.e., survival, developmental rates and adult weight) and
reproductive parameters (i.e., number of deposited eggs and oocyte counts after
8 days) of O. laevigatus reared plantless during a single generation did not differ
from those of bugs maintained on plants. These results suggest that water is the
primary nutrient derived from plants by O. laevigatus during embryogenesis and
plant feeding.
Having better insight in the role of plants for both predators, we evaluated the
potential of this plantless rearing system for mass production purposes. Thompson
(1999) pointed out that it may be necessary to rear insects during several gener-
ations for losses in fitness due to a suboptimal rearing system to be completely
revealed. Therefore, we compared the biological parameters of bugs reared plant-
less for 4 (O. laevigatus) or 5 generations (N. tenuis) with those of a control group
maintained on plants. Continuous plantless rearing resulted in O. laevigatus and
N. tenuis adults with somewhat lower body weights but other developmental pa-
rameters (i.e., survival and developmental rates) were not negatively affected. In
addition, it took longer for females to start laying eggs on the artifical substrate,
but oocyte counts and the total number of deposited eggs after 1 week did not
differ from those of bugs having access to plant material. Moreover, prolonged
plantless rearing did not seem to affect predation abilities of O. laevigatus. Our
study indicates that the omission of plant material from the production cycle of
O. laevigatus and N. tenuis is possible when E. kuehniella eggs are offered as a
nutritionally optimal food source.
The second part of this dissertation investigated the effect of omnivorous mirid
and anthocorid predators on plants. Whereas much attention has been given to
a plant’s reactions to herbivores, little knowledge is available on the biochemical
reactions that take place in plants upon feeding or egg-laying by predatory bugs.
In Chapter 5 we showed that O. laevigatus females trigger a JA-mediated wound
response during egg laying. This hypothesis was supported by several observa-
tions. First, we detected a strong occidative burst in tomato leaf tissue surrounding
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insect eggs and oviposition puncture sites. Moreover, quantitative RT-PCR results
showed that egg-laying led to a strong upregulation of the JA-mediated wound
response genes prosystemin, AOS and PI-I. Similarly, Western blot analysis of
infested leaves confirmed the presence of PI-II, a principal marker for the wound
response. Several studies already demonstrated that the induction of defense mech-
anisms increases the plant’s resistance towards herbivores. Similarly, in our bioas-
says we observed less thrips damage on plants in which the JA-mediated defense
was activated by O. laevigatus females.
Not only O. laevigatus, but also M. pygmaeus and N. tenuis are able to induce
a wound response in tomato plants. However, the mirid predators can activate
the JA-mediated defense during both feeding and egg-laying. In general, adult
predators elicit a stronger response than nymphs and predator density seems to
be correlated to the intensity of the induced response. Additionally, headspace
analysis showed that N. tenuis induces the emission of p-cymene, a monoterpene
which was not produced by the control plants in our study. Several authors reported
that this compound can function as either a repellent or toxin to plant herbivores.
Further experiments are necessary to unravel the impact of the activated defense
and volatile compounds on herbivores inhabiting the same plant as their natural
enemies.
Based on the experiments performed within the context of this thesis, we can
conclude that N. tenuis and O. laevigatus absorb mainly water from plant tissues
during their embryonic development and during plant feeding. However, supple-
mentary nutrients derived from plants may enhance survival in the absence of prey
and have a positive effect on the weight of adults. Knowing the role of plants
for both N. tenuis and O. laevigatus, we were able to develop a plantless produc-
tion system and rear those bugs on lab scale in the absence of plants for several
generations without major fitness loss. Further optimization of the artificial water
source and oviposition substrate is necessary to improve its suitability for mass
rearing purposes. In the second part of this thesis, we investigated the effect of
zoophytophagous predators on their host plant and put their use as biological con-
trol agents in a different view. We showed that O. laevigatus, M. pygmaeus and
N. tenuis activate a JA-mediated wound response in their host plant. As a result
of the induced defense, plants inhabited by O. laevigatus appeared more resistant
to thrips feeding compared to control plants. Additionally, we demonstrated that
the mirid predator N. tenuis induces the emission of volatile compounds, such as
p-cymene, which has been reported to have a repellent or toxic effect on herbi-
vores. Based on these results, we hypothesize that zoophytophagous predators not
only exert a direct effect on herbivores by preying on them, but also an indirect
effect by activating a JA-mediated wound response and inducing volatiles with a
potential repellent or toxic effect. It turns out that the phytophagous feeding habit
of those zoophytophagous bugs, which has generally been regarded as a negative
92 SUMMARY
aspect of those economically important predators, contributes to their efficiency as
biological control agents.
Samenvatting
Verschillende belangrijke biologische bestrijders, behorend tot de onderorde He-
teroptera, onderhouden een zeer hechte relatie met hun waardplanten. Onder hen
vinden we zowel de Miridae N. tenuis en M. pygmaeus die in Europa ingezet wor-
den als wittevliegpredatoren in gematigde en mediterrane regio’s als O. laeviga-
tus, een natuurlijke vijand van tripsen en andere gewasbeschadigers in glasteelten.
Deze roofwantsen gebruiken de plant niet alleen om er eitjes in af te leggen, maar
ook om er zich op te voeden. De complexe interactie tussen deze predatoren en
hun waardplant heeft echter ook enkele nadelen met betrekking tot hun produc-
tie en gebruik als biologische bestrijders. Zo houden hun zoo¨fytofage of omni-
vore voedingsgewoonten een potentieel risico in voor het gewas waarin ze uitgezet
worden. Sommige wantsen, waaronder O. laevigatus, richten zelden schade aan
terwijl andere, waaronder N. tenuis en M. pygmaeus, gekend zijn omwille van de
prikschade die ze kunnen toebrengen aan gewassen. Bovendien bemoeilijkt hun
afhankelijkheid van planten ook de massakweek van deze predatoren. Planten zijn
niet alleen duur en soms moeilijk verkrijgbaar, maar ook het risico bestaat dat
samen met de planten pathogenen en pesticidenresidu’s in het kweeksysteem wor-
den geı¨ntroduceerd. De globale doelstelling van dit doctoraat was dan ook om de
complexe interactie tussen de hierboven vermelde wantsen en hun waardplanten
te bestuderen in de hoop hun productie en gebruik als biologische bestrijder te
optimaliseren.
In het eerste deel van deze thesis werd onderzoek gedaan naar de rol die planten
spelen bij de ontwikkeling en reproductie van zoo¨fytofage predatoren. Tot op he-
den is namelijk nog niet exact geweten welke nutrie¨nten worden opgenomen uit de
plant tijdens het voeden noch welke invloed deze nutrie¨nten hebben op wantsen.
Bovendien is er ook bijzonder weinig informatie beschikbaar over de complexe
interacties die plaatsvinden tussen het ontwikkelende ei en het omringende plant-
weefsel. Om op deze vragen een antwoord te krijgen werden planten volledig uit
het kweeksysteem gee¨limineerd waarna ontwikkelings- en reproductieparameters
van de plantloos gekweekte insecten werden vergeleken met deze van wantsen die
wel toegang hadden tot plantaardig materiaal. Het plantloos kweeksysteem, ont-
wikkeld in het kader van deze studie, omvat oliepapier als artificieel leefsubstraat,
Parafilm capsules gevuld met leidingwater als artificie¨le vochtbron en Parafilm
capsules gevuld met vochtige watten als artificieel eilegsubstraat.
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Onze experimenten wezen uit dat de ontwikkelingsparameters van N. tenuis
nimfen ontloken uit een artificieel eilegsubstraat niet significant verschillend wa-
ren van deze van nimfen die hun embryonale ontwikkeling doormaakten in plant-
aardig materiaal. Hieruit kon worden besloten dat, naast water, geen essentie¨le
nutrie¨nten worden opgenomen uit het ovipositiesubstraat tijdens de embryonale
ontwikkeling. Wateropname bleek ook de primaire functie te zijn van de fyto-
fage voedingsgewoonte van deze wants. Naast water voorzien planten de wants
echter ook van enkele andere nutrie¨nten. Het effect van deze componenten op
ontwikkelings- en reproductieparamaters is sterk afhankelijk van de beschikbaar-
heid en kwalteit van de dierlijke prooien. Wanneer geen dierlijke prooien aan-
wezig zijn, zorgt de fytofagie ervoor dat minstens een derde van de nimfen hun
ontwikkeling kunnen voltooien. Nimfen die daarentegen enkel voorzien werden
van watercapsules stierven voor het bereiken van het adulte stadium. Wanneer
N. tenuis ad libitum dierlijke prooien van hoge kwaliteit (zoals E. kuehniella ei-
tjes) krijgt aangeboden, levert de aanwezigheid van planten geen voordeel op qua
overleving, ontwikkelingssnelheid of fecunditeit ten opzichte van watercapsules.
Het adult gewicht van predatoren die toegang hadden tot plantaardig materiaal lag
echter wel significant hoger dan dit van hun tegenhangers die voorzien werden van
watercapsules. Dit wijst erop dat bepaalde nutrie¨nten, aanwezig in planten, een
positieve invloed hebben op het adult gewicht van N. tenuis. In tegenstelling tot
de hierboven vermelde resultaten verschillen de ontwikkelings- en reproductiepa-
rameters van de eerste generatie plantloos gekweekte O. laevigatus wantsen niet
van hun tegenhangers die wel toegang hadden tot plantaardig materiaal. Dit wijst
erop dat deze bloemenwants voornamelijk water opneemt uit de plant tijdens het
plantvoeden en gedurende de embryonale ontwikkeling.
Na het ophelderen van de rol die planten spelen in de levenscyclus van deze
zoo¨fytofage predatoren, werd ook het potentieel van het ontwikkelde plantloze
kweeksysteem voor massaproductie doeleinden gee¨valueerd. Thompson (1999)
gaf aan dat eventuele verliezen in fitness als gevolg van suboptimale kweekom-
standigheden mogelijks pas aan het licht komen na enkele generaties. Daarom ver-
geleken we ontwikkelings- en reproductieparameters van wantsen die gedurende
verschillende generaties plantloos werden gekweekt met deze van wantsen uit de
conventionele kweek. De eliminatie van planten uit het kweeksysteem had een
negatieve impact op het adult gewicht van O. laevigatus en N. tenuis adulten maar
beı¨nvloedde de andere geteste ontwikkelingsparameters (overleving en ontwikke-
lingssnelheid) niet. Daarnaast werd een verlengde preovipositie waargenomen op
de artificie¨le eilegsubstraten. Na 1 week verschilde het aantal eitjes dat werd afge-
legd in deze substraten of aanwezig was in de voortplantingsorganen van plantloos
gekweekte wijfjes echter niet van het aantal dat werd aangetroffen in planten of in
de oviducten van conventioneel gekweekte wantsen. Verder werd ook vastgesteld
dat de predatiecapaciteit van O. laevigatus niet werd aangetast door de langdurige
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afwezigheid van plantaardig materiaal. Onze studie toont aan dat het mogelijk is
om plantaardig materiaal te elimineren uit de productiecyclus van O. laevigatus
en N. tenuis op voorwaarde dat E. kuehniella eitjes worden aangeboden als dier-
lijke prooi. Verder onderzoek is echter nodig om het plantloze kweeksysteem te
optimaliseren.
In het tweede deel van dit proefschrift werd het effect van zoo¨fytofage predato-
ren op hun waardplant grondig bestudeerd. Hoewel in het verleden reeds veel on-
derzoek werd gedaan naar de reacties van planten op herbivoren, is er slechts wei-
nig kennis opgebouwd rond de biochemische reacties die plaatsvinden in planten
wanneer ze aangeprikt worden of gebruikt als ovipositiesubstraat door zoo¨fytofage
wantsen. In hoofdstuk 5 werd aangetoond dat ovipositie door O. laevigatus wijf-
jes een jasmijnzuur gemedieerde wondrespons kan opwekken in tomatenplanten.
Deze hypothese wordt ondersteund door verschillende observaties. Zo werd niet
alleen een sterke H2O2 productie waargenomen in het bladweefsel dat de eitjes
van de roofwants omringt, maar toonden RT-PCR resultaten ook een opregulatie
van de wondrespons genen prosystemine, AOS en PI-I aan in plantweefsel waarin
eitjes werden afgelegd. Bovendien bevestigden Western Blot analyses de aanwe-
zigheid van PI-II, een merker van de JA-gemedieerde afweer, in geı¨nfesteerd plan-
tenmateriaal. Verschillende studies toonden reeds aan dat de activatie van deze
afweermechanismen planten resistenter kunnen maken ten opzichte van verschil-
lende herbivoren. Naar analogie observeerden wij minder tripsschade op plan-
ten waarin de JA-gemedieerde wondrespons werd geı¨nduceerd door O. laevigatus
wijfjes. Voor zover wij weten is dit de eerste keer dat een indirect effect van een
predator op zijn prooiorganisme via de plant kon worden aangetoond.
Niet alleen O. laevigatus, maar ook M. pygmaeus en N. tenuis bleken in staat
een wondrespons te induceren in tomatenplanten. In tegenstelling tot de bloe-
menwants, activeren Miridae de JA-gemedieerde plantafweer zowel tijdens het
eileggen als tijdens het voeden op planten. Over het algemeen wekken adulte
roofwantsen een sterkere afweerreactie op dan nimfen en is de predatordichtheid
gecorreleerd met de intensiteit van de opgewekte respons. Daarnaast toonden GC-
MS experimenten aan dat N. tenuis de productie van vluchtige componenten zoals
p-cymene kan induceren. Verschillende studies toonden reeds aan dat deze vluch-
tige component een repellent of toxisch effect heeft op herbivoren. Verder onder-
zoek is nodig om het effect van deze vluchtige componenten en de geı¨nduceerde
afweerproducten op herbivoren op te helderen.
Op basis van de laboratoriumexperimenten uitgevoerd in het kader van deze
thesis kon worden aangetoond dat N. tenuis en O. laevigatus hoofdzakelijk water
opnemen uit de plant tijdens hun embryonale ontwikkeling en bij het plantvoeden.
Daarnaast hebben supplementaire nutrie¨nten aanwezig in de plant een positief ef-
fect op het gewicht van adulten en ondersteunen ze de overleving van predators
wanneer geen prooien aanwezig zijn. De hierboven beschreven kennis stelde ons
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in staat een plantloos productiesysteem te ontwikkelen dat geschikt bleek om de
wantsen gedurende meerdere generaties op laboratoriumschaal te kweken in afwe-
zigheid van planten. Verdere optimalisatie van de artificie¨le waterbron en eilegsub-
straat is echter noodzakelijk vooraleer het kweeksysteem ook in de massaproductie
kan worden toegepast. In het tweede deel van deze thesis onderzochten we ver-
volgens het effect van zoo¨fytofage wantsen op hun waardplanten. We toonden aan
dat O. laevigatus, M. pygmaeus en N. tenuis een JA-gemedieerde wondrespons
kunnen opwekken in planten. De inductie van deze afweermechanismen zorgt er-
voor dat planten, geı¨nfesteerd met O. laevigatus, minder tripsschade ondervinden
dan controleplanten. Daarnaast toonden we ook aan dat N. tenuis de productie
van specifieke vluchtige componenten kan induceren die een repellent of toxisch
effect hebben op herbivore insecten. Op basis van deze resultaten vermoeden we
dat zoo¨fytofage predatoren niet enkel een direct effect uitoefenen op herbivoren,
maar ook een indirect effect door het activeren van de plantafweer en het induce-
ren van vluchtige componenten met een repellent of toxisch effect op hun prooien.
Deze thesis werpt daarmee een ander licht op de fytofage voedingsgewoonten van
deze wantsen die algemeen als een negatief aspect van deze biologsiche bestrijders
wordt aanzien.
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